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Abstract

The nature of dark matter has been one of the fundamental unsolved questions of physics
and astrophysics since its discovery in the mid-20th century. Among a great variety of
theories, one popular microscopic dark matter candidate today is the proposed sterile
neutrino, a heavy neutrino addition to the Standard Model of Physics, that interacts only
gravitationally. Sterile neutrinos could be detectable through a decay into photons at
X-ray or higher energies. Further discussion on this was sparked by the detection of an
unidentified emission line at ~ 3.5keV by Bulbul et al. (2014), that was associated with
sterile neutrino decay and also seen in other surveys. While non-detections of this line have
rendered its status as a possible dark matter decay feature uncertain in the years since,
the possibility of sterile neutrino decay lines at X-ray energies remains an interesting and
much discussed path for potential indirect dark matter detections.

In the present work a search for dark matter decay lines was conducted in eROSITA X-ray
data. Three regions in a semicircle of ~ 30° west of the Galactic center were analyzed. All
point sources in the regions were excluded and spectra were extracted for eRASSI1 to 4.
The diffuse X-ray background was then modeled using a modified version of the spectral
model by Ponti et al. (2022). The residuals of the spectral fits were then scanned for line
features. In all regions and eRASS 56 line features with a detection significance of > 3o
could be identified. All of these lines are, however, in range to be associated with known
atomic lines. It was also shown that a contribution from charge exchange might be possible
for all detected lines.

The present survey thus found no unidentified emission lines that could be associated
with sterile neutrino decay. Closer studies of the detected lines in future surveys might,
however, lead to more detailed conclusions on their origins. Especially the improved energy
calibration announced for the 030 data processing version might further refine the present
results.
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1. Introduction

Astronomy and astrophysics have always been disciplines characterized by their massive
impact on the human self-perception, in regards to questions of religion as well as to our
place and its importance - or non-importance - within the universe. While the Coperni-
can revolution fundamentally changed the human perspective in regards to our place in
the Solar System, most new scientific insights today do not have similar impacts on the
general public, even while actively changing the scientific perspective on extremely large
scales, such as the discovery of gravitational waves or quantum mechanics.

The process of reevaluating our fundamental scientific knowledge and our perspective on
the universe meanwhile remains ongoing and is part of science and scientific discovery.
Often the path to new science can additionally only be cleared through technological ad-
vances. New technologies can enable measurements of effects that have already been pro-
posed on the basis of theory, such as stellar parallaxes or gravitational waves, or lead to
completely new ideas. In this vein the entire discipline of X-ray astronomy, astronomy
studying light at X-ray wavelengths, for instance, remained out of reach until the 1960s
when it became possible to take measurements using rockets, and later, satellites above
Earth’s atmosphere, which blocks out all X-ray light (Seward and Charles, 2010).

The well-known fundamental basis for many walks of physics and astrophysics today is the
Standard Model of Physics, which contains both the basic fundamental particles of matter
and the four fundamental forces governing their interactions. However, while the Standard
Model seems to comprehensively describe the fundamentals of physics, it is nowadays also
known that there are a certain aspects not yet covered and described by it, leaving fun-
damental questions in our view of physics, astrophysics, and the universe that remain the
object of active research towards their resolution (Demtroder, 2017; Boyarsky et al., 2019).

The first, and, within this work, foremost, question is the question of dark matter. While
its presence and existence in our universe has been proven, its nature remains virtually
unknown and is not explained by the Standard Model (Boyarsky et al., 2019).

The second question is that of neutrino oscillations. It is well known and documented that
neutrinos can shift between different sets of eigenstates and change their masses in the
process. The cause of this process is, however, unknown (Boyarsky et al., 2019).

The third question is the question of the baryon asymmetry in the universe. It is believed
that during a period of annihilation of matter and antimatter this baryon asymmetry was
the reason for the presence of matter in the universe today. Its origin, however, is also
unknown (see references in Boyarsky et al., 2019).
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The fourth and, at this point, final question is that of the hot big bang, which is thought
to have been the origin of our universe and which set the initial conditions for the later
development of structures and the universe as we know it. How this process worked, how-
ever, remains unknown as well (Boyarsky et al., 2019).

While all of these open questions are of great importance and represent fundamental as-
pects of physics and astrophysics, the present work will focus on only the first of them:
the question of dark matter.

Different approaches and models of what dark matter could consist of exist. One popular
idea in this regard is the proposal of additional heavy neutrinos that could play the role of
dark matter particles. The direct detection of such a neutrino would, however, be exceed-
ingly difficult. This, fortunately, is where the aforementioned X-ray astronomy can help:
according to theoretical frameworks sterile neutrinos should be detectable via monochro-
matic X-ray emission caused by their decay (see references in Boyarsky et al., 2019).

The search for such line features in eROSITA X-ray data is the purpose of this work.
First an overview over the background of the associated research areas and topics will be
given. Then the eROSITA telescope and mission will be introduced. Afterwards the steps
of the data analysis, the line detection, and its results will be described and discussed
thoroughly. Then, finally, a summary of the present work and an outlook toward possible
future scientific efforts will be given.



2. Astrophysical and research background

In this first chapter the astrophysical background and research background of the research
question will be introduced as a basis for the following data analysis. In this context the
question of dark matter and its potential detection via X-ray decay lines as well as the
composition of the diffuse X-ray background will be discussed.

2.1. Dark matter

Dark matter is, as previously mentioned, one of the large scale phenomena that point to
the existence of physics beyond the Standard Model. In this section a short overview over
the subject matter and different theoretical models will be given. The main focus hereby,
however, lies on sterile neutrinos as dark matter candidates as a popular approach and also
as an approach in which the detection of decay products could potentially be possible at
X-ray energies.

2.1.1. Discovery and overview

The question of dark matter made its debut in the early to mid-20th century as the answer
to many different physical and astronomical inconsistencies. While the first to propose the
existence of dark matter was Zwicky (1933), who suggested the existence of a dark matter
halo to explain the observed velocity distribution in the Coma galaxy cluster, it became
clear over time that dark matter was a factor in many phenomena, such as the behavior of
the rotation curve of the Andromeda galaxy and the movement of the Milky Way and the
Andromeda galaxy toward one another (see references in Frenk and White, 2012).

Throughout the 1970s the question of dark matter became intrinsically linked with the
evolution of the universe and the fundamental formation of structures. These ideas were
further refined in the course of the 1980s. The addition of dark matter allowed for a far
earlier formation of structures during a period where regular matter would not be able to
form structures, as photons had not decoupled from the primordial plasma yet. A period
of cosmic inflation could produce small density perturbations that would act as the “seeds”
of structure formation. It was also first proposed that the nature of dark matter could be
non-baryonic. While Standard Model neutrinos were being discussed as possible dark mat-
ter candidates, it became clear that other, heavier particles could also be viable candidates
for microscopic dark matter (see references in Frenk and White, 2012 and Boyarsky et al.,
2019).
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Different classifications for models emerged according to the proposed particle mass and en-
ergy: Hot dark matter (HDM), warm dark matter (WDM), and cold dark matter (CDM).
The convention in differentiating these categories is the following: HDM is produced rela-
tivistic and stays so during the time of structure formation. WDM, on the other hand, is
produced relativistic but is not so anymore during structure formation. CDM, however, is
always non-relativistic (Boyarsky et al., 2019).

Standard Model neutrinos constitute a possible candidate of HDM, while CDM could be
composed of axions or supersymmetric particles. Possible candidates for WDM, mean-
while, could be sterile neutrinos (see references in Frenk and White, 2012).

The subsequent formation of structures in the universe is expected to produce radically
different results depending on the category of the model in question. While HDM models
can only directly form large structures, such as galaxy clusters, that would then need to
fragment down into smaller structures, CDM can produce small objects, that can grow and
cluster together over time to form large scale structures. WDM, meanwhile, falls into the
middle of these two extremes. While it can directly form smaller structures than HDM,
structures far below the size of galaxies remain an impossibility. Comparing simulations
of structure formation to the, in the 1980s newly available, Center for Astrophysics (CfA)
observational data of the actual large scale structures in our universe (Davis et al., 1982),
similar to those that are shown in the SDSS map in Figure 2.1, where the large scale
“cosmic web” can be seen very clearly, led to (at first most, later all) HDM models being
disproved as unphysical, as their predicted behavior does not reflect the actual structure
of the universe (see references in Frenk and White, 2012).

These findings lead to Standard Model neutrinos being excluded from the list of possible
candidates for dark matter. However, there is yet another criterion proposed dark matter
particles have to fulfill: the Tremaine-Gunn bound. This lower bound for the mass of dark
matter particles arises as a result of phase space considerations, as the density of the dark
matter can not exceed that of degenerate Fermi gas. This limits the mass of dark matter
particles to above a few hundred eV - which is far too high for Standard Model neutrinos to
be able to constitute all of dark matter, further disqualifying them as possible candidates
(Tremaine and Gunn, 1979; see references in Boyarsky et al., 2019).

As this leaves no viable Standard Model dark matter candidate, it is consequently generally
assumed today that the nature of dark matter lies outside the Standard Model. Many
different theoretical approaches to this question exist - none of which could consequently
be proven so far. What is well known, however, is the density of dark matter in the
universe, as it has been measured by Planck Collaboration et al. (2020):

Qpuh? = 0.120 4+ 0.001

A number of theories on microscopic dark matter exist, many of which are focused on CDM
models, that are well-embedded in the theoretical A cold dark matter (ACDM) framework,
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Figure 2.1.: SDSS map of the universe showing the cosmic web structure, each dot corre-
sponds to a galaxy (Image Credit: M. Blanton and SDSS, taken from SDSS and Blanton
(2014))

which describes a universe with CDM that expands driven by a cosmological constant A
(Fliebach, 2016; see references in Frenk and White, 2012).

One compelling candidate for the role of dark matter are weakly interacting massive par-
ticles (WIMPs). WIMPS have high masses from GeV to TeV ranges, they satisfy the
Tremaine-Gunn bound, and their theoretical density is in accordance with the density of
dark matter. What makes the idea of WIMPs especially popular is also the fact that their
existence could solve the gauge hierarchy problem, another unsolved question of physics.
However, WIMPs could so far not be detected in either colliders or dark matter searches,
leaving the question of their existence unanswered (see references in Boyarsky et al., 2019).

Another popular candidate for dark matter is the one this work is going to focus on: sterile
neutrino dark matter.
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2.1.2. Sterile neutrinos as dark matter candidates

This section will discuss the general theoretical basis of sterile neutrinos before focusing on
a specific theoretical framework for their implementation, the Neutrino Minimal Standard
Model (vMSM), and its implications for sterile neutrino dark matter and possible detection
channels.

General theoretical approaches

Theories of sterile neutrino dark matter propose additional neutrino flavors to the ones
known from the Standard Model to fulfill the role of dark matter. This is a natural ansatz
for an expansion the Standard Model, as it fits in seamlessly with the known mass oscil-
lations of Standard Model neutrinos and could even explain the so-called “mass puzzle”,
i.e. the extremely low mass of neutrinos as compared to other fermions (Boyarsky et al.,
2019; Povh et al., 2014).

To explain the extremely low mass of neutrinos, a pure Dirac framework requires their
Yukawa coupling to the Higgs field to be extremely small - in the eyes of many researchers,
unnaturally so. This fact suggests that this mechanism might be more complicated than
first expected.

By proposing that neutrinos are Majorana particles, the picture changes. Under this
assumption a neutrino would be its own antiparticle, i.e. ¥ = 7. This adds a new mass
term to its Lagrangian, containing its Majorana mass M (Thomson, 2013):

1 _ _
L= —3 [mDV_LyR + mprgry + MZ/ICDLZ/R} + h.c. =

g ) () () e L

In this equation mp refers to the Dirac mass, vy g to left/righthanded neutrinos, v° to a
CP-conjugated state and h.c. to the hermitian conjugate of the beforehand term (Thom-
son, 2013).

[\]

By finding the eigenvalues of this mass matrix, two distinct possible mass states can be
obtained for each neutrino. Under the assumption that M > mp, this results in (Thomson,
2013):
2
m
|m,,| ~ WD , my ~ M (2.1.2)

Here m, refers to a light neutrino mass state, representing the known extremely light
neutrino masses, while my refers to a proposed, considerably heavier, heavy mass state
(Thomson, 2013).

This approach is known as the seesaw mechanism and could solve the “mass puzzle”.
While the order of magnitude of the Dirac mass couplings could match those of the other
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fermions, the mass of the light neutrino state would still be suppressed by the Majorana
mass term. The “seesaw” in this case refers to the fact that the mass of the light neutrino
mass state decreases when the mass of the heavy neutrino mass state and the Majorana
mass increases - a logical seesaw (Thomson, 2013; see references in Boyarsky et al., 2019).

The heavy mass state would now provide us with a heavy neutrino that does not interact
electromagnetically or weakly, as its state is almost entirely righthanded, with possible
masses above the Tremaine-Gunn bound - a sterile neutrino and a potential viable dark
matter candidate. An additional heavy sterile mass state would exist for each known mas-
sive light neutrino state (Thomson, 2013).

This cursory theoretical description of what is known as a type I seesaw can, of course,
not thoroughly reflect the great variety of theoretical possibilities for sterile neutrinos. In
alternate approaches, known as type II or III seesaws, the heavy neutrino masses can be
generated through different mechanisms, such as an additional Higgs field. Many more
factors exist in adding sterile neutrinos to the Standard Model that can be fine-tuned,
such as the addition of a protecting symmetry that could cause cancellations in the mass
matrix. Fine-tuning of these factors lead to a group of models known as low scale seesaws,
that do not require an extreme mass scale where M surpasses the electroweak scale of
100 GeV (Thomson, 2013) - a property that would make their generation very difficult (see
references in Boyarsky et al., 2019).

While it is difficult to choose from such a great variety of theoretical models, there is one
model that is of particular interest, which will be investigated more closely in the following
to determine possible properties and detection channels for sterile neutrino dark matter.

The vMSM and characteristics of YyMSM sterile neutrino dark matter

One of the models in the framework of the low-scale seesaw is of particular interest for ster-
ile neutrino dark matter considerations: the Neutrino Minimal Standard Model (vMSM).
It is a version of a low-scale seesaw model that was developed by Asaka et al. (2005) and
Asaka et al. (2007). It follows the approach of adding as few new parameters to the Stan-
dard Model as possible while also solving as many open questions of physics as possible
(see references in Boyarsky et al., 2019).

In the ¥YMSM three right-handed sterile neutrinos with masses below the electroweak scale,
i.e. 100 GeV (Thomson, 2013), that govern flavor oscillations, are added to the Standard
Model. Two of the neutrinos have large masses of MeV up to the electroweak scale, while
the third has a keV mass and is a suitable dark matter candidate. The production of these
neutrinos is highly model dependent, while they would be unstable, their lifetime could be
larger than the age of the universe. The model can also explain the baryon asymmetry of
the universe. One of its key characteristics is the fact that the sterile neutrinos were never
in thermal equilibrium during the early age of the universe due to their weak interaction
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strength with other particles (see references in Boyarsky et al., 2019 and Boyarsky et al.,
2009).

Following the ¥MSM, characteristics and properties of sterile neutrino dark matter can
be found and possible detection channels can be investigated (see references in Boyarsky
et al., 2019).

Sterile neutrino dark matter particles are neutral, massive, and long-lived. Requiring their
lifetime to be greater than the age of the universe of 4.4 - 1017 s puts an upper bound on

the sum 0% = > |6,/* of their mixing angles with active mass states (see references in
a=e,l,T
Boyarsky et al., 2019):
10keV'\’
0<33-107" 2.1.3
() 213

The number density of sterile neutrinos would need to be a lot smaller than that of Stan-
dard Model neutrinos to reach the same total mass, thus lower mass limits of the order of
magnitude of 100 eV to satisfy the Tremaine-Gunn bound can be found from observations
of dwarf spheroidal galaxies (see references in Boyarsky et al., 2019).

The main decay channel for a ¥YMSM sterile neutrino N with M < 2m, is N — v,vg03 .
Its decay width is given by (see references in Boyarsky et al., 2019):

2 5 5
TNoay = GrM 0% ~ L < M > 6? (2.1.4)

96713 1.5-104s \ 10keV

A second decay channel of a radiative decay N — v + ~ exists, which is suppressed by
~ ﬁ compared to the aforementioned decay into three neutrinos. Its decay width is given
by (see references in Boyarsky et al., 2019):

9aG%
N=vty = et

(2.1.5)

5
0% M> :5.5-10—2292[ M } g7t

1keV
A Feynman diagram illustrating this decay can be seen in Figure 2.2; the photon in this
diagram could alternately also couple to the W™ boson. This radiative decay produces
a photon with £ = %M . Large enough numbers of dark matter decays could thus pro-
duce monochromatic signals, that could be detected in the background of astrophysical
emission at relevant wavelengths, providing a possible channel for detecting dark matter
decay signatures. While other detection strategies for sterile neutrino dark matter exist

(e.g. Lyman-a forest, weak lensing), the focus of this work will lie on the detection via
decay lines (see references in Boyarsky et al., 2019)

Considering the lower mass limit of the order of magnitude of 100 eV, decay features with

E = %M could be seen from hundreds of eV upwards, making the X-ray keV-range a range
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Figure 2.2.: Feynman diagram of a potential sterile neutrino decay (taken from Boyarsky
et al. (2019))

of interest for the possibility of detecting sterile neutrino dark matter, which has been an
object of great scientific interest in the past decade (see references in Boyarsky et al., 2019).

2.2. Discoveries of decay line features associated with
sterile neutrino dark matter

The question of the possible detection of sterile neutrino decays in X-rays was elicited by the
discovery of an unidentified emission line around energies of 3.5 keV by Bulbul et al. (2014).

Bulbul et al. (2014) found emission lines at energies of (3.55 — 3.57) & 0.03 keV in stacked
spectra of XMM-Newton data of 73 galaxy clusters with significances > 30. The occur-
rence of the line was also confirmed in Chandra data of the Perseus Cluster.

A spectrum of their detection can be seen in Figure 2.3. The peak in the residuals at
~ 3.5keV clearly shows the location of the detected line.

Bulbul et al. (2014) exclude an explanation of the line as atomic by meticulously modeling
all lines present in the vicinity of the energy range. They further argue that effects, such
as small variations in the effective detector area, can also be ruled out due to the stacking
of the cluster spectra. The strongly diverging redshifts of the clusters lead to the line
being effectively “smeared out” over an energy range of up to 1.2keV during the detection.
They conclude that a sterile neutrino origin of the line in M = 7.1keV neutrino decays is
possible and derive a mixing angle of sin*(26) ~ 7- 10711

They also stress, however, that systematic errors still play a role in these results and that
their results should not be overstated (Bulbul et al., 2014).

The detection was shortly after followed by Boyarsky et al. (2014), who found a line at
3.52 £ 0.02keV in XMM-Newton data of the Andromeda galaxy and the Perseus Cluster
with significances of 2.40 up to 4.4 for the combined sample.
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Figure 2.3.: Initial detection of the 3.5 keV line by Bulbul et al. (2014) (taken from Bulbul
et al. (2014))

In the years since, many different teams have observed a large variety of different objects
in an attempt to verify or refute these detections. These studies generally focus on either
large scale objects, such as galaxies and galaxy clusters, or the large scale emission from
within the Milky Way. This is due to the fact that galaxies, including the Milky Way, and
galaxy clusters are expected to possess large scale dark matter halos. Their high concen-
tration of dark matter makes them ideal observational targets for possible detections (see
references in Boyarsky et al., 2019; Frenk and White, 2012)

Lines in the vicinity of 3.5keV could be recovered in data of different objects through the
work of many groups with a variety of instruments, for instance by Boyarsky et al. (2015),
Franse et al. (2016), Urban et al. (2015), and Hofmann and Wegg (2019) (see references in
Boyarsky et al., 2019 and Sicilian et al., 2020).

However, many groups also reported non-detections, e.g. Aharonian et al. (2017), Maly-
shev et al. (2014), Foster et al. (2021), and Dessert et al. (2023) (see references in Boyarsky
et al., 2019 and Sicilian et al., 2020).

These discrepancies in the science results raise questions about the true origin of the 3.5 keV
line with a number of scientists considering its dark matter origins disproved through its
non-detections. Different explanations for the line have been proposed in the years since,
some with different likelihoods (see references in Boyarsky et al., 2019).
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A purely statistical fluctuation is considered very unlikely, considering the number of sur-
veys that found a line at ~ 3.5keV and the high likelihoods of their detections. The highest
among these is an 11.1c0 likelihood for a line at 3.51 4 0.01 keV found by Neronov et al.
(2016) with NuSTAR data. This detection is, however, in question, as the line energy lies
close to the lower energy limit of NuSTAR and could be an instrumental feature. Neronov
et al. (2016) themselves considered it connected to the instrumental background (see ref-
erences in Boyarsky et al., 2019 and Sicilian et al., 2020).

Instrumental explanations for the 3.5keV line have been proposed. The line has, however,
been observed by a great number of different instruments at this point in time, which rules
out many instrumental components as the line origin, such as the materials used to coat the
mirrors of the telescope. It was theorized that the line might be an unknown instrumental
feature of CCDs. The line has since, however, been observed with NuSTAR that, instead
of CCD cameras, uses a CZT detector. As mentioned, however, the NuSTAR detections
are of an uncertain nature. Additionally the 3.5keV line has been shown to scale with the
redshift of the observed object (e.g. in Bulbul et al. (2014)), which further speaks against
an instrumental origin of the line (see references in Boyarsky et al., 2019 and Sicilian et al.,
2020).

This leaves astrophysical mechanisms as possible non-dark matter explanations for the
origin of the 3.5keV line, such as (both unknown and known) atomic transitions. Several
candidates exist that might explain the observed energy, e.g. Potassium XVIII. Gu et al.
(2015) proposed that a possible origin of the 3.5keV line might be charge exchange (CX)
between neutral hydrogen and bare sulphur ions, a process in which ions pick up electrons
from cold gas, that can occur in areas where hot and cold gas collide and generate addi-
tional X-ray emission. Shah et al. (2016) provided experimental evidence for CX emission
at 3.47 £ 0.06 keV that could explain the observed line features, which is a leading theory
in non-dark matter explanations for the feature (see references in Boyarsky et al., 2019 and
Sicilian et al., 2020).

As of now it must be concluded that the status of the 3.5keV line remains uncertain and
its origin unconfirmed. More data is needed to shed light onto its nature.

While most of the discussion around dark matter decay lines has been centered around
the 3.5keV line, other potential line candidates have been observed at 2.51, 8.7, 9.4, and
10.1keV. These candidates do, however, appear to have been found in singular detections
only and have thus not been met with the same excitement in the scientific community
as the search for the 3.5keV line (see references in Adhikari et al., 2017; Loewenstein and
Kusenko, 2010).

In the years since the initial detection by Bulbul et al. (2014) a great number of surveys has
been carried out to find traces of - or upper limits for - keV sterile neutrino dark matter.
Figure 2.4 shows an overview over the constraints on sterile neutrino dark matter obtained

11
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Figure 2.4.: Overview over sterile neutrino dark matter constraints obtained in previous
surveys until 2022, “This Work” refers to Sicilian et al. (2022) (taken from Sicilian et al.
(2022), details on the results used for this schematic can be found in that work)

until 2022. It can be seen that the available parameter space above the lower limit set
by the Big Bang Nucleosynthesis (BBN) has almost entirely been ruled out by different
surveys. This is, however, not yet a definite result. The parameter space labeled “MW
Sat.” (red in Figure 2.4) is based on parameter dependent formalisms. Meanwhile, the
placement of the BBN limit is also motivated by a theoretical sterile neutrino production
mechanism and, as other models might find different lower limits, possible parameter space
for sterile neutrino dark matter might still exist (see Sicilian et al., 2022 and references
therein).

To further constrain limits on sterile neutrino dark matter and shed light on observed
decay lines further studies are needed. In this light eROSITA opens up new possibilities
in observing not only a great number of objects but also objects and background emission
on a large scale. This survey will in that context hope to aid in the gain of scientific
knowledge.
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2.3. The Galactic X-ray background

To conduct a proper survey on possible sterile neutrino dark matter decay lines in the
eROSITA X-ray background, the components of the X-ray background first have to be
modeled as precisely as possible. Thus an overview over all components contributing to
the X-ray background is necessary. The focus hereby will lie on the factors influencing
eROSITA data, as these are relevant for the following analysis of eROSITA data.

When examining the background present in X-ray data a difference must be made between
the astrophysical background, that consists of photons produced by actual astrophysical
processes in the field of view (FOV) outside of the telescope, and the particle/instrumental
portion of the background.

2.3.1. Astrophysical background

The existence of an astrophysical X-ray background outside the Solar System was discov-
ered by Giacconi et al. (1962) and has since been studied in great detail. It can be broken
down into different components that are predominant at different energies (see references
in Ponti et al., 2022).

The most powerful component of the astrophysical X-ray background over a majority of
the X-ray energy range is the cosmic X-ray background (CXB). It is uniform over the entire
sky and takes the shape of a powerlaw with photon index 1.45 in the ~ 2 — 10keV energy
range. For higher energies this shape becomes steeper. At ~ 30keV it forms a peak. It
is generally assumed that the astrophysical X-ray background above ~ 0.5keV consists
of point sources, such as active galactic nuclei (AGN) and galaxy clusters, as it has been
shown that more than ~ 80% and more than ~ 92% of the entire astrophysical background
in the 0.5 — 2 and 2 — 7keV energy bands respectively can be resolved into point sources
(see references in Ponti et al., 2022).

While the X-ray background is homogeneous over the entire sky at higher energies, ROSAT
observations in the 1990s showed that this is not the case for softer energies, where ad-
ditional components are present that provide additional, spatially inhomogeneously dis-
tributed contributions to the emission. It was discovered that components exist on local
as well as Galactic scales (see references in Ponti et al., 2022).

At energies below ~ 0.2keV emission by the local hot bubble (LHB) dominates the X-ray
background. This structure is a warm/hot bubble with a radius of ~ 200 pc surrounding
the sun. The LHB is thought to originate from supernova explosions following a period of
massive star formation 14 Myr ago. The explosions energized the surrounding interstellar
medium (ISM), causing an overpressurized environment that started expanding. Liu et al.
(2017) mapped out the characteristics of the LHB using ROSAT data. They found its
temperature to be uniformly distributed around k7 = 0.097keV 4 0.013keV (Liu et al.,

13



2. Astrophysical and research background

2017; see references in Ponti et al., 2022 and Sasaki et al., 2022).

Another component influencing the X-ray spectrum at low energies below ~ 0.2keV is
the emission caused by Solar wind charge exchange (SWCX), where neutral ISM flowing
through the heliosphere interacts with ionised Solar wind particles. This is known as he-
liospheric emission. The additional magnetospheric or geocoronal emission describes the
Solar wind’s interactions with the Earth’s atmosphere. The SWCX component is highly
variable and depends on the Solar cycle as well as the direction of view with respect to the
location of the sun. Finding a comprehensive model to predict the magnitude of this phe-
nomenon has proven very difficult, as the described system is very complex and depends
strongly on many factors. Models for its contribution to X-ray spectra, however, exist;
details on the modeling of the SWCX component in the present analysis can be found in
Section 4.3.1. The strength of the SWCX component was found to decrease with higher
ecliptic latitudes/heliolatitudes with the density of the Solar wind (Yeung et al., 2023; see
references in Kuntz, 2019 and Ponti et al., 2022 ).

Between ~ 0.2 — 0.6 keV Galactic scale emission dominates the X-ray background. It has
been interpreted to represent and contain several different components, such as a Galactic
corona caused by a thickened disk, or a Galactic halo.

The Galactic scale emission in the eROSITA background was found to split up into two
model components with different temperatures by Ponti et al. (2022). This results in
two effective Galactic components, a higher temperature component with k7T ~ 0.4 —
0.7keV associated with hot interstellar medium and denoted hot corona (Cor) and a lower
temperature component with a temperature of about kT ~ 0.15 — 0.25keV, which is
denoted as circumgalactic medium (CGM) and contains all remaining contributions to
Galactic emission from within the corona, halo, and other possible components.

In practice these labels do not and can not yet fully encompass and reflect the sources
of emission contained therein, and their origins and properties remain as of yet not fully
understood.

The potential shape and existence of halo emission around the Milky Way, for instance,
is still uncertain, considering the lack of a clear picture in other galaxies. While evidence
of a hot halo has been found around AGN, studies of nearby galaxies were often unable
to detect extended galactic halos. Hot plasma was, however, found in thick corona-like
structures above and below the disks of spiral galaxies.

Meanwhile, the Cor component has before also been interpreted to consist of emission from
faint M dwarfs. It is possible that both the Galactic corona and M dwarfs contribute to this
emission. However, new models of the Milky Way and its mass distribution have already
challenged this result, so while a contribution from M stars is expected, the true origin of
the Cor emission remains an object of scientific discussion for which further study is still
needed (see references in Ponti et al., 2022).

A schematic by Ponti et al. (2022) showcasing an extremely simplified picture of the po-
tential origins of the components discussed in this section can be seen in Figure 2.5. While
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Figure 2.5.: Schematic showing the spatial origins of the different components of the as-
trophysical X-ray background (taken from Ponti et al. (2022))

the Solar winds causing SWCX emission are on too small a scale to be visible, in the
left part of the schematic the LHB and Galactic corona can be seen. The right part of
the Figure shows the Milky Way and its surrounding CGM on a larger scale. The view-
ing angle of the eFEDS field that was analyzed in Ponti et al. (2022) has also been drawn in.

It can be concluded that, while the main components of the astrophysical X-ray background
are known from a modeling perspective, more study is needed to be able to firmly pinpoint
the exact structure of especially the Galactic scale emission and the true origins of each of
the background components. While it is not the purpose of this work to characterize the
X-ray background, it hopes to provide interesting modeling results that might give further
leads toward the endeavor of understanding the X-ray background.

2.3.2. Particle/instrumental background

In addition to the astrophysical background there are also particle and instrumental con-
tributions to the X-ray background, that need to be accounted for in the data.

Many different factors contribute to the instrumental and particle background. High en-
ergy particles play a large role here, either hitting the CCD cameras directly or causing
secondary particles or photons to be emitted. Soft protons can also hit the CCDs after
being focused through the telescope mirrors; low energy electrons can also enter into the
camera. Another factor to consider are X-rays from outside the FOV that are only reflected
once in the mirror configuration (instead of twice as they should be). Infalling optical light
can also contaminate the data (Freyberg et al., 2020).

In the construction and data taking process of eROSITA many measures have been taken
to mitigate the influence of the particle/instrumental background. An optical light block-
ing filter reduces the optical light but is deliberately kept too thin to filter it out entirely,
as it also affects soft X-rays, which is an undesirable effect. An X-ray baffle helps reduce
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Figure 2.6.: Average CLOSED filter spectrum of eROSITA with denoted lines (taken from
Freyberg et al. (2020))

the impact of single-reflected X-rays. Around bright sources an influence remains, how-
ever, that has to be accounted for for ideal modeling results. An electron deflector behind
each mirror module stops electrons from entering the cameras. Minimum ionizing particle
(MIP) events are further rejected through filtering by their patterns on the CCD pixels
(Freyberg et al., 2020; Dennerl et al., 2020).

Any remaining particle/instrumental background has to be addressed through calibration.
In eROSITA this is realized through observations with the filter in CLOSED position. An
average CLOSED filter spectrum can be seen in Figure 2.6. From these measurements the
FWC (filter wheel closed) model was generated by Michael Yeung, that can be used to
model the particle/instrumental background. The use of this model in the present analysis
is described in Section 4.3.1 (Freyberg et al., 2020).
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As eROSITA data will be analyzed in the present work, an overview over the eROSITA
telescope and mission will be given in this chapter. Afterwards expectations for the present
research question with respect to eROSITA’s technical properties and resolution will be
discussed.

3.1. The eROSITA telescope and mission

The extended ROentgen Survey with an Imaging Telescope Array - eROSITA is an X-
ray telescope and mission. It is a German-Russian collaboration and was developed at
the Max Planck Institute for Extraterrestrial Physics (MPE) in Munich in collaboration
with a number of other institutes, the Dr. Karl Remeis-Sternwarte Bamberg and ECAP
(FAU Erlangen-Niirnberg), the University of Hamburg Observatory, the Leibniz Institute
for Astrophysics Potsdam (AIP), and the Institute for Astronomy and Astrophysics of the
University of Tiibingen. The Argelander Institute for Astronomy of the University of Bonn
and the Ludwig Maximilians Universitat Munich contributed as well; support by the DLR
and the Max Planck Society was also given (Predehl et al., 2021).

eROSITA is mounted on the Spectrum-Roentgen-Gamma (SRG) satellite together with
the Russian instrument Astronomical Roentgen Telescope X-ray Concentrator (ART-XC)
that was developed by the Russian Space Research Institute. The SRG platform was built
by the Lavochkin Association (“NPOL”). The SRG satellite was launched on July 13,
2019 from the cosmodrome in Baikonour, Kazakhstan (Predehl et al., 2021).

Images of eROSITA can be seen in Figure 3.1, Figure 3.1a shows a schematic of the inner
workings of the telescope, while Figure 3.1b shows a photo taken before the launch. The
telescope possesses a diameter of 1.9m and a height of 3.2m. It weighs 808 kg.

The key characteristic of eROSITA can already be very clearly seen in Figure 3.1: the
telescope consists of 7 separate telescope modules (TMs), which are usually denoted as
“TM1” to “TM7”. Each TM possesses a mirror array that focuses the X-ray photons onto
an individual CCD camera (see Predehl et al., 2021 and references therein).

The mirrors used in the eROSITA TMs are made of electro-formed nickel; additionally
gold has been evaporated onto their reflecting side. They possess a Wolter type I shape.
A schematic showcasing this configuration can be seen in Figure 3.2. In Wolter type I
mirrors X-rays are reflected twice at small grazing angles before being recorded, first off a
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(b) Image of eROSITA taken before launch
Friedrich/MPE, taken from Max Planck Institute for Ex-

traterrestrial Physics (2019))

(Credit: P.

(a) Schematic of the eROSITA tele-
scope (taken from Predehl et al

(2021))
Figure 3.1.: Images of eROSITA
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Figure 3.2.: Schematic of a Wolter type I mirror, “H” and “P” denote the paraboloid and
hyperboloid surfaces, F the focal points of both (taken from Schwartz (2011))
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paraboloid mirror surface (“P” in Figure 3.2), then off a hyperboloid mirror surface (“H”
in Figure 3.2). This configuration comes with a variety of advantages: the focal length is
significantly shortened (compared to the paraboloid configuration or other Wolter mirror
types), consequently the aperture-to-focal length ratio is maximized, which is extremely
advantageous in the construction and assembly of a space telescope with limited dimen-
sions. For resolved sources the signal-to-noise is improved and, for a perfect setup which
is (unrealistically) free of any contaminations, such as imperfections in the mirrors, linear
distances on the detector near the axis can be directly translated into angular distances in
the sky with only a linear conversion factor.

The Wolter type I shape also allows for nesting, i.e. stacking of the mirrors, which is done
to increase the collection area of the TMs. Each eROSITA TM possesses a mirror array
consisting of 54 stacked Wolter type I mirrors with an outer diameter of 360 mm and a
focal length of 1600 mm. The average on-axis resolution of the TMs is 16.1” half-energy
width (HEW) at 1.5keV. An invar cylinder for each mirror shell in combination with a
magnetic electron deflector behind the mirror helps reduce the unwanted background of
particles and single-reflected X-rays from outside the FOV, that was described in Section
2.3.2 (see Schwartz, 2011, Predehl et al., 2021, and references therein).

The mirrors of the TMs focus the X-ray photons onto the CCD cameras. The CCDs used
in eROSITA have measurements of 28.8 mm x 28.8 mm and consist of 384 x 384 pixels.
A single pixel thus depicts an area of 9.6” x 9.6”. They operate at a temperature of
—85°C. The integration time of the CCDs is 50ms. Each CCD possesses a framestore
area; images are shifted there in 0.115ms. The CCDs are then ready to resume recording,
which immensely reduces “out-of-time” events that are wrongly recorded during read-out.
For each CCD a copper shield helps reduce the particle background, while a graded shield
is used to combat single-reflected X-ray from outside the FOV.

Each CCD has a filter wheel with four settings: OPEN, FILTER, CLOSED, and CALIB.
The OPEN setting was used for the initial outgassing after the launch, while the CLOSED
position is used for calibration of the particle/instrumental background, that was described
in Section 2.3.2. CALIB contains a radioactive calibration source and can be used for
calibration measurements. FILTER, meanwhile, is the setting for the recording of data. It
has a polyimide filter that further protects the CCD from contamination. For TMs 5 and
7 an additional aluminum layer was added to the filter, while for TMs 1, 2, 3, 4, and 6 the
aluminum was applied directly on top of the CCDs. During operations the latter turned
out to be the better option, as it was discovered that TMs 5 and 7 suffer from optical light
leaks, as can be seen in Figure 3.3, which are likely caused by this configuration. For that
reason TMs 5 and 7 are often excluded from the data in research work; the same was done
in the analysis in the present work (see Predehl et al., 2021 and references therein).
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Figure 3.3.: Images of (left) TM5 and (right) TM7 with optical light leak (taken from Max
Planck Institute for Extraterrestrial Physics (2021))

eROSITA is sensitive in an energy range of about ~ 0.2 — 8keV, in practice often up to
10keV. A plot of its effective area over its energy range compared with other telescopes
can be seen in Figure 3.4. It can be seen that, especially over its sensitive soft energy band
of ~ 0.2 —2keV, eROSITA has a similar effective area to XMM-Newton. Meanwhile it
exceeds that of ROSAT by around an order of magnitude. It also becomes clear that it
is sensitive to harder energy ranges, that were not accessible to ROSAT, producing obser-
vational all-sky data in an entirely new energy band. The strengths of eROSITA become
even more clear when looking at its grasp, i.e. its effective area multiplied with its FOV.
The FOV of eROSITA is circular and has a diameter of 1.03°, larger than the full moon,
which is advantageous for an all-sky survey. As was shown in Figure 3.4 for the effective
area, Figure 3.5 shows the grasp of eROSITA over its energy range, again compared to that
of other missions. It can be seen that eROSITA’s grasp in its most sensitive energy range
from ~ 0.3 — 3.5keV is the highest in this comparison. This further emphasizes that the
capabilities of eROSITA are geared towards its task of conducting all-sky surveys (Predehl
et al., 2021).
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Figure 3.4.: Effective area of eROSITA over its energy range compared to other X-ray
missions (taken from Predehl et al. (2021))
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Figure 3.5.: Grasp of eROSITA over its energy range compared to other X-ray missions
(taken from Predehl et al. (2021))
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Figure 3.6.: Schematic showcasing eROSITA’s orbit around L2 (Credit: Roscos-
mos/DLR/SRG/Lavochkin, taken from Max Planck Institute for Extraterrestrial Physics
(2019))

eROSITA’s main task since its start in 2019 has been performing all-sky surveys. The first
all-sky survey started on December 13, 2019, exactly half a year after the start of the SRG
satellite after a calibration and performance verification phase. The SRG satellite circles
one of the Lagrangian points, L2, as is illustrated in Figure 3.6. The satellite additionally
continuously rotates around its own axis, allowing it to scan small slivers of the sky at a
time. By the satellite following and turning with Earth’s movement around the sun, the
entire sky can be scanned in half a year, averaging to around 1° per day. An image of the
first all-sky survey of eROSITA, called eRASS1, can be seen in Figure 3.7. The Galactic
plane and a number of bright X-ray sources can be seen very clearly. Also clearly visible
are the two bubbles, dubbed “eROSITA bubbles”, on top of and below the Galactic center.
As the data of eROSITA are shared between Germany and Russia, the western (right) and
eastern (left) half of the map in Galactic coordinates are referred to as the “German” and
“Russian” half of the sky respectively. A narrow strip of shared data exists in the center
of the map at the Galactic longitude of 0°.

The data are organized into 4700 sky tiles, segments of 3.6° x 3.6° size, with overlap be-
tween neighboring tiles (Predehl et al., 2021).

In addition to the general task of creating all-sky surveys eROSITA also has a number
of specific science goals that are meant to be achieved through the analysis of its all-sky
data. Its main science goal is the detection of over ~ 10° galaxy clusters, that can be used
to study the large scale structure formation in the universe and constrain cosmological
parameters. Another goal is the investigation of active galactic nuclei (AGN) and their
evolution, as eROSITA is expected to record ~ 3 -10° AGN. In the vast amount of X-
ray data, a great amount of other astrophysical objects becomes accessible as well, both
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Figure 3.7.: All-sky map of the eRASS1 survey (Credit: Jeremy Sanders, Hermann Brunner

and the eSASS team (MPE); Eugene Churazov, Marat Gilfanov (on behalf of IKI), taken
from Max Planck Institute for Extraterrestrial Physics (2020))

compact objects, such as X-ray binaries and active stars, and diffuse emission, such as
supernova remnants (SNRs). The investigation of this incredibly broad spectrum of X-ray
phenomena and objects is another science goal of eROSITA. Many exciting science results
have already been published and many more are pending in the future (Merloni et al., 2012).

eROSITA conducted four complete all-sky surveys before being put into safe mode in early

2022. The completed surveys are denoted eRASS1 to 4, generating a wealth of four different
datasets to analyze, that will all be used in the present survey.
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3.2. Expectations for the present research question

Considering the technical capabilities of eROSITA, that were discussed in the previous
section, this section aims to clarify their impact on the present research question. Under
which circumstances could a dark matter decay feature be detected and what further con-
clusions could be drawn from a possible detection?

The flux sensitivity of eROSITA in eRASS:1 (i.e. all observations up to and including
eRASS1) has been measured for point sources only. It lies at 5- 1074 ergs™ cm~2 for the
soft band from 0.2 —2.3keV and at 7-107 3 erg s~ cm ™2 for the hard band from 2.3 —8 keV
(Predehl et al., 2021). Merloni et al. (2012) predicted the sensitivity for extended sources
in the soft band to be lower by a factor of 2.5 than that of point sources.

While these numbers can serve as a reference point for the capabilities of eROSITA, con-
crete minimum flux estimates for dark matter decay lines are, however, not possible. Too
many unknown factors exist in the detection of single decay lines, such as the influence of
the particle background or astrophysical background components and the spectral model
used to describe them. So while it can be safely assumed that the detection limits for the
flux of point sources for eROSITA lie far below the limits applying in the present research
question, no further conclusions can be drawn as to how far.

Critical in determining the appearance of possible dark matter decay lines in eROSITA
data is first and foremost eROSITA’s energy resolution. The energy resolution of all TMs
was calibrated on ground using emission lines of different atomic decays. An image showing
the results of this calibration for TM1 can be seen in Figure 3.8. It follows that a narrow,
or even monochromatic, possible decay line would appear in the data at many times its
actual width. The RMF (Redistribution Matrix File) files of the eROSITA spectra com-
pensate for this effect automatically in the presentation of the data. eROSITA’s energy
resolution does, however, remain the deciding factor in determining errors on the energies
of possible decay lines (Dennerl et al., 2020; Predehl et al., 2021).

Speckhard et al. (2016) describe how the origin of unidentified spectral lines in the Milky
Way could be identified by investigating their shift for different Galactic longitudes. For
what they denote as positive Galactic longitudes dark matter decay lines would appear
slightly blueshifted, while lines caused by regular astrophysical gas would appear redshifted.
Instrumental lines would experience no shift. This idea is further illustrated in Figure
3.9. To be able to measure this effect, however, a very high spectral resolution would be
needed; Speckhard et al. (2016) cite an “0.1% scale”. While this resolution could have
been reached with Hitomi and could be reached in future missions, such as XRISM, the
energy resolution of eROSITA is unfortunately around one order of magnitude too large
for this feat. A further investigation of the shift of possible line detections will thus have
to be left to future missions (XRISM Science Team, 2020).
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Figure 3.8.: Full width at half maximum (FWHM) of eROSITA calibration measurements
of TM1 (vertical axis in eV) for different energies (horizontal axis in keV) with fitted
function (taken from Dennerl et al. (2020))
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Figure 3.9.: Schematic describing the different behavior of spectral lines in respect to their
red- and blueshift for different Galactic longitudes (taken from Speckhard et al. (2016))
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In this part of the thesis the process of the data analysis and spectral modeling that was
carried out in this work will be described and the results of the analysis will be presented.

For the processing of data and the extraction of spectra the data analysis package eSASS
(Brunner et al., 2018) was used on the sciserver of the MPE Garching (https://sciserver.
mpe .mpg.de/). For the spectral analysis and fitting PyXspec (https://heasarc.gsfc.
nasa.gov/xanadu/xspec/python/html/index.html), the Python interface of the XSPEC
fitting program, was used (Gordon and Arnaud, 2022). For specific tasks NASA HEASoft
(https://heasarc.gsfc.nasa.gov/docs/software/lheasoft/) commands were also used.
For visualization of the data and the determination of regions and creation of region files
the SAOImageDS9 (https://sites.google.com/cfa.harvard.edu/saoimageds9) soft-
ware was used (Joye and Mandel, 2003). This research has also used Python and several of
its packages, such as Numpy, Scipy, Matplotlib, and Astropy (Harris et al., 2020; Virtanen
et al., 2020; Hunter, 2007; Astropy Collaboration et al., 2022).

The Python eSASS Analysis scripts by Dr. Jonathan Knies were used in many steps of the
data processing, as was a PyXspec template of his implementation of the spectral model
by Ponti et al. (2022).

4.1. Region selection and data reprocessing

For analysis in this project a semicircular region with a radius of ~ 30° west of the Galactic
center was chosen to include both parts of the Galactic bulge and halo. An exposure-
corrected RGB image of the region in eRASS1 data can be seen in Figure 4.1. A sketch of
the position of this region in the all-sky map can be seen in Figure 4.2.

The relevant eROSITA sky tiles to the region were determined through the eSASS Analysis
script skytiles_selector_gal.py. The sky tiles containing and directly adjoining Sco-X1
(243108, 242105, 246108) were excluded from the analysis due to the extreme brightness
of the source that would contaminate the data. The complete list of sky tiles used can be
found in the Appendix in Section A.1. Only sky tiles on the “German” half of the sky were
used; the strip of shared sky tiles around the Galactic longitude of zero was not analyzed.

The eSASS! command evtool was used to merge the 020 processing version eventfiles of

'More information on the eSASS specific commands can be found in the eSASS task descriptions that
are publically available under https://erosita.mpe.mpg.de/edr/DataAnalysis/esasstasks.html.
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4. Data analysis and spectral modeling

Figure 4.1.: RGB eRASS1 image of the selected region, axes in Galactic coordinates

the individual sky tiles, which are available through the sciserver of the MPE Garching,
into one large file and to produce a broadband image for each eRASS from eRASS1 to 4.
In order to be able to display the whole, rather large, region in one image a rebin factor
of 320 was chosen. The events were filtered against contaminations using the gti filter
FLAREGTTI and the pattern 15.

Additionally the eSASS Analysis script create_mosaic_evtool.py was used to create ex-
posure corrected mosaic RGB images of the eventfiles in three bands; their energy ranges
can be found in Table 4.1. One of the resulting RGB images can be seen in Figure 4.1. It is
immediately apparent that there is both emission from point sources and diffuse emission
present in this region. Some extinction of the softer X-ray emission in the red and green
energy bands through the Galactic disk can also be seen.

Afterwards exposure maps for the broadband images were created using the eSASS com-
mand expmap. In this step, too, FLAREGTI was specified as the gti filter. The optional
keyword withdetmaps was also set to “yes” to ensure an accurate result containing no
out-of-view pixels.
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SRG/eROSITA e : B 0.3-2.3 keV - RGB

Figure 4.2.: Sketch of the approximate position of the analysis region in the eRASS1 all-sky
map, Credit for the all-sky map: Jeremy Sanders, Hermann Brunner and the eSASS team
(MPE); Eugene Churazov, Marat Gilfanov (on behalf of IKI) (taken and modified from
Max Planck Institute for Extraterrestrial Physics (2020))

color energy range [keV]

red 0.2—-0.7
green 0.7—-1.0
blue 1.0-2.3

Table 4.1.: Energy ranges of the RGB colors in Figure 4.1
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Figure 4.3.: Bright point source in the disk region that was not properly excluded through
the script, excluded regions in green, axes in Galactic coordinates

4.2. Point source exclusion and extraction of spectra

The endeavor of this project was to study the diffuse X-ray background emission without
the point sources littering the X-ray sky. Thus the numerous point sources present in the
region of interest had to be excluded before spectra could be extracted to ensure that their
contamination would be as small as possible.

To this purpose the eSASS Analysis script create_region_mask.py was used to create
masks on the basis of the exposure maps. This ensured that the pixels on the edges
of the sky tiles that could be improperly recorded by the cameras and possess large er-
rors would not contaminate the data. By calling on the second eSASS Analysis script
select_regions.py point sources could be automatically excluded on the basis of the
eROSITA three band catalog.

It was discovered, however, that the standard region size of a circle with a radius of
0.46668 arcmin allotted to each source from the three band catalog was not sufficient for
larger and brighter objects. Especially some of the brighter sources that can be seen in the
Galactic disk in Figure 4.1 and Figure 4.2 were not sufficiently removed, as can be seen in
Figure 4.3 and instead registered as many small point sources.

Due to this issue the broadband image of eRASS1 was scanned for bright sources by eye.
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Figure 4.4.: Manually selected point source regions on the eRASS1 broadband image

This way the bright and extended sources in the broadband image could be found by
eye and larger circular regions were defined to filter them out completely. The result-
ing additional regions can be seen in Figure 4.4. The region file could be passed to the
create_region_mask.py script, which successfully excluded them in the masks.

After some tests with spectra extracted over the whole region of interest it was finally
decided to split the region into three parts: a northern part, a disk part from —10 to +10°
Galactic latitude, and a southern part. The reasoning behind this is that the physical and
chemical makeup and structure of the background emission is especially expected to vary
when transitioning from the disk, that experiences a lot of extinction, to the northern and
southern bulge and halo. These variations could “smear” the components of the spectra
and lead to trouble with fitting and large residuals. To a smaller degree this effect might
of course still be present in the three smaller - but still rather large - regions. It was also
suggested? that the current energy calibration in the 020 processing version might not be
sufficient for regions as large as these. Thus it might still cause residuals in the spectral
fits for the smaller regions. To counteract this effect a variable energy offset was included
in later spectral fits.

Three separate masks were created for each eRASS by passing additional polygon regions to
create_region_mask.py to exclude all but the desired region. The lines between the disk,

2Private communication: Dr. Konrad Dennerl and other members of the Hot Milk meeting.
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Figure 4.5.: Masks used for point source exclusion for eRASS1

north, and south regions were drawn using points at +/ — 10° Galactic latitude in incre-
ments of 2.5° Galactic longitude in the polygon region. This way separate masks could be
created for each eRASS and region. The three masks for eRASS1 can be seen in Figure 4.5.

Another function of create_region_mask.py is the determination of the area of the re-
gion, a parameter that is integral for the later normalization of the spectral fits. While this
parameter is also provided by the srctool command during the extraction of spectra, the
determination of the values by create_region_mask.py at this step was convenient and
the thus determined values were used in the following steps. Due to the creation of the
masks from the exposure maps the determined areas varied slightly through the different
eRASSs for each region. While these small deviations are not expected to have a large
impact on the results due to the large sizes of the regions as a whole, the individual area
results were still used in the later spectral analyses to prevent unnecessary errors. A table
containing the area of each region for each eRASS can be found in the Appendix in Section
A2
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Using these masks and the eventfiles, spectra could be extracted with the eSASS command
srctool. The exttype option tophat was used due to the region being an extended area.
As the corresponding extpar the approximate radius of the semicircular region was given.
A slightly overestimated value of 35° was used here to make sure no data was accidentally
excluded, as the outer edge of the sky tiles is not smooth. After tests with xgrid values
of 20 and 50, that resulted in very high computation times, an xgrid value of 100 was
chosen. As xgrid governs the positional accuracy, it is also assumed that its value does
not have a too large impact on very large regions.

srctool provides source spectra of all TMs as an output, as well as a merged spectrum of
all TMs, one containing only TM1, 2, 3, 4, and 6, and one consisting only of TM5 and 7.
For each spectrum an RMF, ARF, and Background Spectrum is also provided. For this
analysis only the separate spectra of TM1, 2, 3, 4, and 6 and their respective RMF and
ARF files were used. Background spectra were unnecessary, as the object of interest in
this case was the background itself.

Before the spectral analysis the spectra were regrouped, i.e. rebinned. This was accom-
plished using the HEASoft grppha bash command. The spectra were rebinned to a grpmin
of 50. The bin size was thus automatically chosen in such a way that each bin had a count
of at least 50 events. In the same step the keywords RESPFILE and ANCRFILE of the
regrouped spectra were set to the corresponding RMF and ARF filenames respectively.
This ensured that the right RMF and ARF files would automatically be used with the
regrouped spectra in the analysis. The keyword BACKFILE was set to “none”, as no
background spectrum was subtracted in this analysis. The spectra were now ready for
analysis.
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4.3. Spectral fitting

In this section the process and steps of the spectral fitting will be described roughly chrono-
logically, starting with the initial model. The section covers many considerations made for
the fits, as well as a selection of experimental fits, before describing the final fits that were
used in the following steps of the project.

4.3.1. Starting model and initial considerations

For spectral fitting the background model developed by Ponti et al. (2022) was used to fit
the different components of the diffuse X-ray background, that were described in Section
2.3. It was used in a modified version by Dr. Jonathan Knies, in which the nH absorption
was initially modeled with a TBabs model component instead of the disnht model by Lo-
catelli et al. (2022) used by Ponti et al. (2022). The CXB, meanwhile, was modeled through
a simple powerlaw instead of the double broken powerlaw used by Ponti et al. (2022) and
normalizations of the model were effectively divided by the area of of the region in arcmin?.

Due to the large region sizes and comparably high statistics of the spectra chi2 statistics
could be used. The chosen TMs 1, 2, 3, 4, and 6 were fitted together for each eRASS
and region. For the element abundances in the model wilm abundances were used (Wilms
et al., 2000), abundances are given in Solar units. For an overview over the spectral model
components used in this work, see Table 4.2.

The SWCX (Solar wind charge exchange) is modeled using an unabsorbed acx2 model
(Ponti et al., 2022; Smith et al., 2012; Foster et al., 2020; Foster, 2023). Its temperature
was first frozen to 0.1keV. In later steps more accurate values for this parameter were
investigated; more details on how this was realized can be found in Section 4.3.5. The
collision parameter, i.e. the collision velocity, was set to 450 km/s and is assumed to be
the center of mass velocity (collntype 2). acx model number 8 was used with single re-
combination, a Hefrac of 0.09, and an abund value of 1. More information on these model
parameters and their meaning can be found in Foster (2023). The values and options
of these parameters were part of the existing model and correspond mostly to the ones
used by Ponti et al. (2022). The only parameter, apart from the normalization, that was
changed and investigated in the scope of this thesis was the temperature of the model.

The LHB (local hot bubble) is modeled with an unabsorbed apec component with Solar
abundances and a temperature constrained between 0.09 and 0.12keV. In later steps this
value was modified to comply with the local literature values of Liu et al. (2017) as was
the norm of the LHB. Details on this can be found in Section 4.3.6. As both the LHB and
the SWCX components are Galactic and originate in the nearer vicinity of our point of
observation, Galactic absorption is assumed to be negligible. They are thus exempt from
the absorption model.
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component name component description

apec collisionally ionized diffuse gas model (Smith et al., 2001)
vapec collisionally ionized diffuse gas model with fine-tunable
element abundances (Smith et al., 2001)
vnei non-equilibrium collisional plasma model with constant temperature
and with fine-tunable element abundances (Borkowski et al., 2001)
vrnei non-equilibrium recombining collisional plasma model

with fine-tunable element abundances

powerlaw powerlaw photon spectrum

acx2 model for CX between ions and donor ions/atoms (Foster, 2023)
TBabs Tuebingen-Boulder ISM absorption model (Wilms et al., 2000)
disnht ISM absorption model for distributed column densities

(Locatelli et al., 2022)

Table 4.2.: Overview over additive (first table section) and multiplicative (second table
section) spectral modeling components used in this work, further details on the models
and their parameters can be found in Arnaud et al. (2023); Foster (2023); Locatelli et al.
(2022); Wilms et al. (2000)

To model the nH absorption, which the other spectral components experience, a TBabs
model is applied to the rest of the components. The approximate average nH values were
determined for each region; this process is further described in Section 4.3.2.

The CGM (circumgalactic medium) is modeled with an absorbed apec. Its temperature is
left free to vary between 0.15 and 0.25 keV. Its abundance, meanwhile, is frozen to a value
of 0.08 in the basic model. This was changed in later steps of the analysis.

The Hot Corona (Cor) is modeled using an absorbed apec as well. This apec possesses a
temperature that has been frozen to 0.7keV and an abundance that has been frozen to
1.0. These parameters, too, were changed in the later analysis process.

Finally extragalactic emission, the cosmic X-ray background (CXB), is modeled with an
absorbed powerlaw with a photon index of 1.46.

An example spectrum illustrating the model and its components can be seen in Figure 4.6.
The components result in the following basic model of the diffuse X-ray background (Ponti
et al., 2022):
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Figure 4.6.: Example spectrum illustrating the spectral components of the model (taken
from Yeung et al. (2023))

acx2 + apec + TBabs * (apec + apec + powerlaw) (4.3.1)

A constant was added to each fit containing the area of the region in question in arcmin?,

in order to equalize the norms of the fit components. A second constant governs the
normalization of the different TMs against one another, as TM1, 2, 3, 4, and 6 are fit
simultaneously. The resulting model is thus:

const * const * (acx2 + apec + TBabs * (apec + apec + powerlaw)) (4.3.2)

To model the instrumental and particle background of eROSITA the FWC (filter wheel
closed) model for each TM is used. It was refitted to the calibration data by Dr. Jonathan
Knies but corresponds very closely to the original version® modeled by Michael Yeung.
The instrumental and particle background can be only modeled, not subtracted, with this
model. Thus the FWC models of TM1, 2, 3, 4, and 6 were added as additional models
to the fit. All parameters in the model are frozen, except for the normalization constants,
which scale the whole FWC models to the rest of the model.

While the energy range of 0.2 — 10 keV of eROSITA is usually seen as reliable and usable
for fitting, it was decided to constrain the energy range to 0.2 — 9.0keV for this analysis.
The reason for that can be seen in Figure 4.7, which shows the eRASS1 spectrum of the
northern region. It can be clearly seen that the tail end of the spectrum between 9 and

3 Available internally for the eROSITA collaboration under https://wiki.mpe.mpg.de/eRosita/FWC_
020.
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Figure 4.7.: eRASS1 spectrum of the northern region over 0.2 — 10 keV

10keV experiences a sharp drop, which might be connected to a decline in effective area
in these energies. Due to the fact that this drop is not physical and would produce tension
with the model used it was decided to exclude this energy range from the analysis.

4.3.2. Determining nH-values for the regions

To correctly model the nH absorption in the CGM, Hot Corona, and CXB, nH values for
the analyzed regions had to be found. The nH values for the TBabs component for each
region were determined through the HEASoft nh command.

Due to the very large sizes of the regions, however, the following approach was taken: One
or two circular regions were placed in each region. They can be seen in Figure 4.8. For each
circular region the average nH value was then calculated using the HEASoft nh command.
In the case of two circular regions, the weighted average nH was then calculated through
the following equation, where nH; /» and A, ), refer to the average nH value and area of the
respective circular region:

nH_HHl'A1+HH2'A2
N Ay + A

The obtained nH values and the circular regions can be found in Table 4.3.

(4.3.3)
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Figure 4.8.: Circular regions for nH value determination (background: masks used for point
source exclusion for eRASSI)

region circular region(s) average nH value [10?? cm ™

(RA [deg], DEC [deg], radius [deg])

north (241.472, —26.684, 8.950) 0.113

disk (259.350, —37.145, 9.151) 0.821
(247.207, —49.398, 6.481)

south (282.681, —44.7983, 6.489) 0.0644
(272.568, —53.621, 4.548)

Table 4.3.: Average nH values for the three regions as well as the circular region(s) used
to obtain them

37



4. Data analysis and spectral modeling

4.3.3. First fits and single tile spectrum

At first it was attempted to fit the basic model (Eq. 4.3.2) to the X-ray spectra. In
an attempt to mitigate residuals the absorption model TBabs was “split” between the
CGM component and the Hot Corona and CXB component, i.e. both parts received their
own TBabs components. Meanwhile, their nH values were freed to vary up to maxima
corresponding to the nH values that were found in Section 4.3.2. The idea behind this was
the fact that it is entirely possible for light to pass through less than the approximated
amount of nH, should it - for example - originate a little closer to our point of observation.
The model thus amounted to:

const * const * (acx2 + apec + TBabs * (apec) + TBabs * (apec + powerlaw))  (4.3.4)

In many cases the nH-values would barely change during the fit. As the additional degree
of freedom was later discovered to occasionally not agree well with more complicated mod-
els and seemed physically uncertain, the “split absorption” was reversed for the very final
fits from Section 4.3.7 onward.

The basic fit to the eRASS1 data of the northern region can be seen in Figure 4.9 with a
reduced y? of 2.46. It can be seen that large residuals remain and the basic model is not a
good fit to the data. Due to this many different modifications of the model were explored to
find a version which describes the data well and can be used in the next step of the analysis.

The question whether these large residuals are caused by the large region size was ex-
plored by extracting the eRASS1 spectrum of a single sky tile (267132, center point at
RA= 267.0329670°, DEC= —42.0082895°) and trying to fit it with the basic background
model (with the additional TBabs component). The result can be seen in Figure 4.10. It
becomes clear that, while residuals are also present in this fit, they are on a much smaller
scale, resulting in a reduced y? of 1.22 without any additional components or changes.
Thus the conclusion can be drawn that the large size of the region has a significant impact
on the quality of the fit.

It is possible that errors and uncertainties in the calibration are added up and thus ampli-
fied on these scales and contribute to the residuals. At the same time the higher statistics
result in smaller statistical errors for the datapoints, causing quantitative divergences be-
tween model and data to result in higher residuals, which makes the fits less forgiving.
Another potential factor in the explanation would be the aforementioned effect of parame-
ters, e.g. the temperature, of the different background components changing over the large
area. All of these factors, as well as the aforementioned potentially insufficient energy
calibration could contribute to the observed level of residuals. It was not possible within
the scope of this work to explore the extent of these effects further. To counteract issues
in the energy calibration, however, a variable energy offset was added to many fits in the
form of a gain offset.
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The fitting process then was conducted applying the following strategy: first the eRASS1
data in the northern region was used to test a large variety of models. Afterwards the most
promising of these were used to fit the northern region for all eRASS and further perfected
to agree with the literature. Then the fits were adapted and used to fit the southern and
disk region.

The following sections give an overview over the process and progress in the fitting in the
course of the work on this project. Not all fits that were conducted were perfected and
some contain assumptions that were later overthrown. For the purpose and scope of this
thesis and the project it was not possible to perfect all of the intermediate steps. Then
again, the final fits are of course improved as far as was possible to be used in the next
step of the analysis.

4.3.4. Tests with northern eRASS1

As the first step in the spectral fitting process, tests with the eRASS1 data of the northern
region were conducted to see which modifications to the basic model had good potential.
This section gives an overview over this process.

Generally the strategies attempted in these tests can be divided into three successive stages:
first, the simple addition of model components to the basic model. Second, the loosening
of the parameter bounds present in the model in accordance with Ponti et al. (2022) in
combination with additional parameters. Third the description of the CGM component
through a vapec model, in addition to loosened parameters and additional model compo-
nents.

Finally it was discovered that improvements could also be achieved by using F-tests to
decide whether the unfreezing of individual abundance parameters in vapec/vnei compo-
nents was justified and by putting constraints on their absolute values.

Adding components

As a first strategy different additional spectral components were added to the model. In
this vein an energy offset was also included in the fit in the form of a gain offset.

As can be seen in Table 4.4 an additional apec component improved the reduced y? of the
fit by > 0.9, which is substantial.

The addition of a gain offset also improved the fit significantly, if less so than the apec
component. A gain offset parameter allows the energy scale of each individual TM to vary
by an offset.

It can be seen in Table 4.4 that the effect of the gain offset is especially large when com-
bined with other additional components. Combining an additional apec component with a
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description of fit #dof reduced y?
no additional components 4197 2.46
added apec 4194 1.54
added gain offset 4192 2.22
added apec and gain offset 4189 1.35
added apec, gain offset, and vnei 4189 1.31

Table 4.4.: Notable steps in modeling with (only) additional components, their reduced x?
values, and the numbers of their degrees of freedom (#dof)

gain offset leads to a very significant improvement of ~ 1.11 on the reduced x? as compared
to the basic fit. This fit can be seen in Figure 4.11. It can be seen that the additional apec
component is located at similaly low energies to the CGM component around ~ 0.25keV.
The abundance of this additional apec component, however, stayed at 1.0, even when left
free to vary. A number of remaining residual peaks can also be seen in Figure 4.11. Here
one of the weaknesses of the model can already be very clearly seen: the additional apec
component seems to mainly double the CGM component while possessing a higher ele-
mental abundance. This might point to the conclusion that the additional apec model is
unnecessary, but that the elemental abundance of the CGM component is actually higher
than expected - an assumption that seemed very likely in the further course of fitting.

In an attempt to further improve this fit other components were added to the model. Of
these an additional vnei component proved to be the most suitable as can be seen in Table
4.4 and Figure 4.12. Its O, Ne, Mg, Si, S, and Fe abundances were individually fitted. It
becomes apparent that especially the peaks in the residuals around 1 — 2keV reduce in
size with the addition of a vnei component. While this fit was one of the best fits (reduced
x2-wise) during the fitting process, the doubled apecs at lower energies, as mentioned, do
point to other possibilities in terms of the makeup of the fit, which were explored in the
next steps.

Loosening the parameter bounds on the CGM and Hot Corona

While the basic model used in this fitting process allowed the temperature of the CGM to
vary from 0.15 — 0.25keV in good agreement with Ponti et al. (2022), its abundance was
initially frozen to 0.08. This value was now loosened, to within a range of 0.04 —0.3. While
Ponti et al. (2022) report best fit abundances between 0.05 and 0.1, abundances below 0.05
do occur and abundances up to 0.3 are mentioned as a possibility.

At the same time the temperature of the Hot Corona component that had been frozen to
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description of fit #dof reduced x?
no additional components 4196 1.66
added gain offset 4191 1.46
added apec 4193 1.59
added apec and gain offset 4188 1.41
added vnei 4186 1.51
added vnei and gain offset 4187 1.31
added vrnei 4185 1.53

added vrnei and gain offset 4186 1.32

Table 4.5.: Notable steps in modeling with loosened CGM and Hot Corona parameters,
their reduced x? values, and the numbers of their degrees of freedom (#dof)

0.7 keV was unfrozen within a range of 0.45—0.75keV, also in accordance with Ponti et al.
(2022). It was also tested whether changing/unfreezing the abundance of the Hot Corona
component would improve the fit, however, just as was seen by Ponti et al. (2022) the
abundance of the Hot Corona component did not appear to have an effect on the quality
of the fit.

It can be seen in Table 4.5 that the freeing of these parameters signified an immediate
improvement in the fit. Even without additional components it reached a reduced x? value
of 1.66. A plot of this fit can be seen in Figure 4.13. When comparing it to Figure 4.9 it
becomes immediately apparent that the residuals that were present below ~ 0.5keV have
been strongly reduced - this time without the addition of another apec.

Adding components to the fit further improved this value. It can, however, be seen that
an additional apec only leads to a significantly smaller improvement when compared to
the improvement seen in the previous section (a Ax2, of 0.07 instead of 0.92). This gives
further weight to the theory that the additional soft apec at this energy is only preferred for
its higher abundance and does not represent a proper physical component in the emission.

Different components were again added to improve the fit further. As can be seen in Table
4.5 a vnei component once again proves to be a good addition to the model, as does a
vrnei component. Both fits appeared to be good options that were further explored in
later steps.
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Figure 4.13.: Fit on the northern eRASS1 data with loosened CGM and Hot Corona pa-
rameters

Description of the CGM via vapec model

Another option was explored in the following step. While the Suzaku data analysis of
Ueda et al. (2022) focused on a much smaller and softer energy range, their approach in
modeling the CGM component with a vapec model was an intriguing possibility: could the
fit be improved through a finer description of the elemental abundances of the CGM, that
had already had such a large impact on the quality of the fit?

To test this the apec describing the CGM was replaced with a vapec component with an
identical free temperature range. Its O, Ne, Mg, Si, S, and Fe abundances were fitted
individually in the range of 0.04 — 0.3 established in the previous section; the rest were
frozen to 0.08.

As can be seen in Table 4.6 an immediate further improvement followed. Without any
additional components the fit reached a reduced x? of 1.57. This fit can be seen in Figure
4.14. With the addition of a gain offset the fit even reached a reduced y? of 1.40. Further
adding a vnei component slightly improved the reduced x? of the fit to 1.32.

While this model was explored, however, a different issue reared its head: the abundance

values of the vnei and vrnei components, as well as of the newly added vapec, would occa-
sionally either rise to values far beyond a physical explanation, or converge to zero. Both
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could massively distort the fit results. To mitigate this problem F-tests were introduced
into the fitting process.

description of fit #dof reduced x?
no additional components 4190 1.57
added gain offset 4191 1.40
added vnei and gain offset 4181 1.32

added vrnei and gain offset 4180 1.34

Table 4.6.: Notable steps in modeling with a vapec CGM component, their reduced x?
values, and the numbers of their degrees of freedom (#dof)
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Figure 4.14.: Fit on the northern eRASS1 data with a vapec CGM component
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Improvements with F-tests

An F-test is a statistical test that compares the variances of two different data sets (Wall
and Jenkins, 2012). When adding new free parameters or components to an established
fit, it can be used to determine whether the addition of these parameters is statistically
justified.

The F-test is implemented in PyXspec through the ftest function. It takes four parame-
ters: the x? and number of degrees of freedom before the addition of the free parameter(s)
and both after the addition of the free parameter(s). The output value of the function is
then a value for the probability that the additional parameter(s) were unnecessary. It is,
however, not valid to use the F-test to test for the presence of an additional Gaussian line
in a fit; it can thus not be used for the later line detection in this analysis (Gordon and
Arnaud, 2022).

In practice this was implemented for the additional vapec, vnei, and vrnei components as
follows: each of the abundance parameters of O, Ne, Mg, Si, S, and Fe was initially frozen
to 1.0. One by one each of the parameters was unfrozen and fitted. If the resulting value
did not lie between 0.1 and 10, it was reset to 1.0 and refrozen. If it did, an F-test was
conducted. Only if the output probability - the probability that the additional parameter
was unnecessary - was below 0.27% (corresponding to a significance of 30), the new pa-
rameter value was accepted (Wall and Jenkins, 2012). The parameter was then refrozen
to the new value, otherwise it was reset as described. After all parameters were fitted that
way, all that had passed the F-test were once again freed and the model was fitted again to
make sure that their values could be coordinated and adjusted against one another. Then
they were finally refrozen; in the final steps of the fitting process from Section 4.3.7 onward
they were left unfrozen instead.

The process applied to the CGM vapec component was largely identical. Instead of check-
ing whether the fitted value lay in an acceptable margin, the abundances were, however,
constrained to the established range of 0.04 — 0.3. The starting and standard value for all
abundances left frozen was once again 0.08.

This measure successfully counteracted the too high and too low abundance values that
were impacting the fits. For some fits this lead to an increase in their reduced x? val-
ues. This, however, was an acceptable price to pay for better control over the abundance
parameters of the models and more physical fits.
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4.3.5. Constraining the temperature of the SWCX and the analyzed
energy range

As some of the models that had been tested on the northern eRASS1 data were fitted to the
northern eRASS2, 3, and 4 data, an issue was discovered: in almost exclusively all of the fits
the norm of the acx2 component describing the SWCX influx would quickly approach zero
and remain there, effectively removing the component from the fit. While this might be
realistic for eRASS1 and 2 data, the influence of SWCX was not expected to be negligible
in eRASS3 and 4 (Ponti et al., 2022). While this could be, in part, counteracted by set-
ting a lower limit of 1-1078 for the acx2 norm, its true temperature still remained unknown.

The temperature of the acx2 component had first been left at 0.1keV. This now seemed
to be, however, not an ideal solution and had to be improved upon. The temperature
of the acx2 model can produce large differences in the shape of the model. Leaving it
completely free to vary, however, can massively prolong the computation time, while the
value of the parameter can easily leave the physical parameter space. The goal was thus
now to constrain the temperature of the SWCX independently from the other background
components instead of fitting it simultaneously.

For this purpose the same approach as the one utilized by Ponti et al. (2022) was taken: The
eRASS1 spectrum was subtracted from the eRASS3 spectrum and the resulting difference
was fitted with an acx2 model with cstat statistics. This was done under the assumption
that the SWCX component is a lot weaker in eRASS1 than in eRASS3 if it is present at
all, as this was observed before, e.g. by Ponti et al. (2022) and Yeung et al. (2023).

As it was observed that the spectra of TM4 deviated from those of the other TMs, as can
be seen in Figure 4.15, they were excluded from the fits. The results of a fit without TM4
for the northern region can be seen in Figure 4.16.

Here it became apparent that the SWCX component was not the only thing remaining; a
soft excess is visible at energies of ~ 0.2 — 0.3keV. This excess is caused by a rise in the
particle background from eRASS1 to eRASS3 and appeared to be the main cause of the
SWCX being continuosly suppressed in favor of the LHB in the earlier fits. This effect is
known; it can be traced in the FWC data of all TMs, such as TM2 in Figure 4.17. This
resulted in lower energy limits being placed on the stability of the FWC model, 0.2keV
for TMs 1, 3, and 6 and 0.25keV for TMs 2 and 4 (Yeung et al., 2023). While the FWC
model is in principle expected to remain reliable above these limits, which are denoted for
instance by the dashed line in Figure 4.17 for TM2, the excess in the data of the present
analysis was very strong up to energies of 0.3keV, as is evident in Figure 4.16.
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(2023))

In accordance with advice? from Michael Yeung, the creator of the FWC model, it was
thus decided to exclude the energy range below 0.3keV from the further analysis in order
to avoid influence of this excess on the fit.

Consequently the SWCX fits were repeated in the energy range of 0.3—2.0keV. The results
can be seen in Figure 4.18. While beginnings of the soft excess and a slight offset from
zero can still be seen in Figure 4.18, especially in 4.18a and 4.18b, the fits are massively
improved and give well constrained temperature values for the further analysis. Their
values can be found in Table 4.7.

4Private communication: Michael Yeung.

49



4. Data analysis and spectral modeling

i

4 | i i 'hl '"|i| h ! W||||k||'ul|'l|||||||| ‘n
H HM 1‘ bl

L T

N o N » &
T T
(] +

L&H.MH.MM* il n! | Ii‘ i "||||i"||l|||'|| |||‘|I‘J||!hl\||‘h"m
LA L e

20



4. Data analysis and spectral modeling

data and folded model

counts s keV-!

(data-model)/error
o n
i Fe———
e —
——
e ——
—
—
—
———
e
——
T, |
e

Energy (keV)

egg 14-Jul-2023 15:43

(c¢) Southern region

Figure 4.18.: SWCX fits for all three regions

region kT in [keV] red. x?
north  0.1285739017  1.23
disk  0.1308759012  1.51
south  0.135%500% 1.08

Table 4.7.: SWCX KT values obtained through fitting for the three regions

4.3.6. LHB considerations

With improved SWCX fits and a smaller energy range, that should exclude the majority
of the soft excess caused by the particle background, one last consideration was now to
bring the fits into agreement with literature values of the LHB.

This had been very difficult before the adjustments detailed in the previous section. Due
to the soft excess the apec shape of the LHB had been massively preferred to the acx2
shape of the SWCX. The reason for this can be seen in Figure 4.6. The SWCX and LHB
components are in competition at lower X-ray energies. The only substantial difference in
their shapes lies towards lower energies. While the apec of the LHB increases, the acx2
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Figure 4.19.: (left) LHB temperature in keV (right) emission measure (EM) (taken from
Liu et al. (2017))

component experiences a sharp drop with only a single peak remaining towards lower en-
ergies. With the addition of the soft excess this now lead to the spectrum resembling the
LHB more strongly and, in turn, to the LHB norm being vastly overestimated. This effect
was strongest in eRASS3 and 4 but also occasionally noticeable in eRASS2.

With the energy range of 0.2 — 0.3keV excluded from the analysis, distinguishing the
components in the fitting process now became difficult. Without the range containing
their most discerning spectral characteristics their norms could change arbitrarily and lead
to constant tension in the fit. Due to this it was decided to constrain both the tempera-
ture and the norm of the LHB to a reasonable literature range taken from Liu et al. (2017).

A map of the LHB emission can be seen in Figure 4.19. It can be seen that the temperature
of the LHB emission in the region of interest lies at values of around ~ 0.1keV, while its
emission measure (EM) is fairly low. In order to translate the EM to an apec norm, the
following equation was used, where 7 is the apec norm®:

U

EM=_— "
2.081- 10+

[em™*pc] (4.3.5)
The literature ranges for the k7T and the EM of the three analysis regions were then
estimated from the map in Figure 4.19. The EM values were converted to apec norm
values with Equation 4.3.5. The resulting literature ranges for the LHB temperature, EM,
and norm can be found in Table 4.8. The kT and norm parameters of the LHB model
components were hereafter constrained to these ranges.

5Private communication: Dr. Jonathan Knies.
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region k7T range in [keV] EM range apec norm range
north 0.09 —0.12 0.0009 — 0.00175  1.873-10"7" —3.642-1077
disk 0.09 —0.12 0.001 — 0.003 2.081-1077—6.243-1077
south 0.1 -—0.13 0.0015 — 0.0035 3.1215-10~" — 7.2835- 10~

Table 4.8.: LHB kT, EM, and norm literature ranges obtained from Figure 4.19 which was
taken from Liu et al. (2017)

4.3.7. Northern region fits

To find the best final fit for the data in the northern region several of the best model
configurations that were described in Section 4.3.4 were repeated with the improvements
on the fit parameter bounds that were detailed in Sections 4.3.5 and 4.3.6.

The split absorption TBabs components with free nH parameters were abandoned at this
point and only one TBabs was used in each fit hereafter, the nH values of which were
frozen to the values found in Section 4.3.2. The reason for this was the fact that, with
increasing complexity of the models, the free nH parameters started regularly taking im-
plausibly small values in an increasing amount of fits, distorting the shapes of the model
components and destabilizing the fits.

Additionally all models considered in this section contain vnei and vrnei parameters and,
as the starting value of the 7 parameter can have an impact on the final fit, fits with both
7 = 10" and 7 = 10 were conducted.

The description and results of these individual fits can be seen in Table 4.9. While many
of the fits were of a similar goodness in eRASS1, a clear favorite could be seen to emerge at
this point, when expanding the scope to all four eRASS. The model with a vapec compo-
nent describing the CGM, gain offsets, and an additional vnei component with a starting
value of 7 = 10 (upper bolded rows in Table 4.9) provides the best fit for eRASS1, 3,
and 4 and nearly matches the best fit for eRASS2. Consequently this model configuration
was decided on as the final model to be used in the spectral fits in this thesis. A plot of
this model for eRASS1 can be seen in Figure 4.20.

In a final effort to improve the model, the disnht absorption model® by Locatelli et al.
(2022) was tested in place of the TBabs model for modeling the nH absorption. This
model was used in the work of Ponti et al. (2022). It is especially constructed to model
greater ranges and differences in absorption over larger regions, which made the question
of its possible effects on the final model in this work very interesting and promising. The
model is available as a table model for different distributions of nH but can also be cal-
culated for individual lists of nH values from the source code, which was the route taken

6Model and code available at http://www.brera.inaf.it/hotmilk/models.html.
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description of the model eRASS1 eRASS2 eRASS3 eRASS4
+ apec, gain, vnei, 7 = 10'° 1.3378 1.4808 1.6965 1.4899
#dof 4097 4094 4098 4098
+ apec, gain, vnei, 7 = 101! 1.3280  1.5048  1.7090  1.4780
#dof 4098 4095 4097 4098
relaxed CGM & Cor pars + gain, vnei 7 = 10! 1.3470  1.5520  1.6835  1.4671
#dof 4095 4095 4096 4096
relaxed CGM & Cor pars + gain, vnei 7 = 10 1.3763  1.5577  1.7280  1.4655
#dof 4097 4096 4097 4095
relaxed CGM & Cor pars + gain, vrnei 7 = 101°  1.3796 1.6787 1.6375 1.5383
#dof 4096 4094 4093 4094
relaxed CGM & Cor pars + gain, vrnei 7 = 10'*  1.3246  1.5409  1.6922  1.4747
#dof 4095 4093 4095 4094
CGM vapec + gain, vnei 7 = 10'° 1.3077 1.4811 1.5567 1.3647
#dof 4094 4092 4089 4090
CGM vapec + gain, vnei 7 = 10! 1.3296  1.5186  1.5703  1.3731
#dof 4094 4094 4091 4090
CGM vapec + gain, vrnei 7 = 101° 1.3184 1.5249 1.6083 1.4149
#dof 4092 4092 4089 4089
CGM vapec + gain, vrnei 7 = 10! 1.3157  1.4990  1.5990  1.3875
#dof 4092 4092 4089 4090
CGM vapec + gain, vnei 7 = 10'Y, disnht 1.2737 1.4560 1.5045 1.4004
#dof 4092 4094 4091 4091

Table 4.9.: Final selection of possible fits for the northern region, their reduced x? values,

and the numbers of their degrees of freedom (#dof)
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here. For the northern, southern, and disk region all nH values within the circular regions
defined in Section 4.3.2 were extracted from the catalog of the HI4PI survey’ by HI4PI
Collaboration et al. (2016) through TAP.

The results of the fits with the disnht model can also be seen in Table 4.9 (lower bolded
rows). It can be seen that the eRASS1, 2, and 3 fits improved noticeably, while the
eRASS4 fit worsened. As this constituted an overall improvement in the quality of the fits,
the disnht component was kept in the model, making the fits with disnht absorption the
final fits that were used in the further steps of this work.

The final model thus amounted to the following:
const * const * (acx2 + apec + disnht * (apec + apec + powerlaw + vnei)) (4.3.6)

A plot of the final model including disnht absorption can be seen in Figure 4.21; the
plots for eRASS2, 3, and 4 can be found in the Appendix in Section A.3.1, as can
the parameters of the final fits. Errors on the fit parameters were calculated using the
pyxspec_error_calc.py script by Dr. Jonathan Knies; details on how this script works
can be found in Section 5.1. As the Cor and vnei components are in competition at
~ 0.6 — 0.8keV, light constraints were applied in the eRASS3 and 4 fits to avoid one of
the components being ousted from the fit.

4.3.8. Disk region fits

The final model determined in the previous section was used to fit the disk region data.
Both fits using the final model with disnht absorption and fits using the same model with
TBabs absorption were attempted. The disk region, as the largest of the three analysis
regions, was a definite challenge to fit. Additionally it possesses the highest nH values of
the analysis regions, which are also expected to vary the strongest due to the dust and gas
present in the disk.

At this point the true strength of the disnht model emerged. It can be seen in Figure
4.22 that the model with TBabs absorption can not be properly fit to the data, leaving
extremely large residuals and resulting in a reduced x? of 3.98 (see Table 4.10). Using
disnht absorption, however, the fit succeeds, resulting in a reduced x? value of 1.42. Sim-
ilar improvements can be seen for eRASS2, 3, and 4, as is detailed in Table 4.10. It
can thus be seen that the nH variations have a very large impact on the fitting of large
regions and should definitely be taken into account the fitting process to ensure correct fits.

Consequently the fits with disnht absorption were used in the further steps of this work.
Light constraints on the temperatures of some individual components were again applied

"Catalog available via VizieR at https://doi.org/10.26093/cds/vizier.35940116.
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Figure 4.22.: Fits on disk eRASS1 data using (a) TBabs absorption and (b) the final model
with disnht absorption
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4. Data analysis and spectral modeling

description of the model eRASS1 eRASS2 eRASS3 eRASS4

CGM vapec + gain, vnei 7 = 10'° 3.9831  4.2547  4.2390  4.8192
#dof 4090 4089 4078 4091

CGM vapec + gain, vnei 7 = 10!, disnht 1.4239 1.4937 1.5910 1.6198
#dof 4089 4089 3266 4087

Table 4.10.: Final fits for the disk region with TBabs and disnht, their reduced x? values,
and the numbers of their degrees of freedom (#dof)

to ensure no component was ousted from the fit or shifted to the detriment of the quality
of the fit. For the final eRASS3 fit TM4 was excluded from the fitting process, as it showed
irregular behavior as compared to the other TMs, as was already observed in Section 4.3.5.

The reduced x? values of the final fits can be found in Table 4.10 and a plot of the final
eRASSI fit in Figure 4.22b. The eRASS2, 3, and 4 plots can be found in the Appendix in
Section A.3.2, as can the parameters of the final fits.

4.3.9. Southern region fits

As was described in the previous sections for the other regions, the final fit model with
disnht absorption was fitted to the data of the southern region. Again light temperature
limits were applied in some cases to avoid a shift of components to the detriment of the
goodness of the fit.

The reduced 2 values of the fits can be found in Table 4.11, while a plot of the eRASS1
fit can be seen in Figure 4.23. The eRASS2, 3, and 4 plots can be found in the Appendix
in Section A.3.3, as can the parameters of the final fits.

description of the model eRASS1 eRASS2 eRASS3 eRASS4
CGM vapec + gain, vnei 7 = 10'%, disnht 1.3440 1.2376 1.3925 1.5888
#dof 4095 4094 4093 4092

Table 4.11.: Final fits for the southern region, their reduced y? values, and the numbers of
their degrees of freedom (#dof)
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5. Line detection

The next step in the analysis was the detection of potentially unknown residual spectral
line features, which will be described in this part of the thesis. After a description of the
script that was used and the process of detection, the results are presented. Afterwards
efforts to find correlations between detected line features and known atomic/CX lines are
described.

5.1. Line detection script

To automate the search for heretofore unknown spectral lines the Python/PyXspec script
line_finder.py was created to scan the residuals for line features. The script was based
on an earlier Xspec script by Dr. Denys Malyshev from the University of Tiibingen, who
has conducted dark matter decay line searches in the past (see Malyshev et al. (2014) for
an example). Its Python structure was based on a PyXspec template by Dr. Jonathan
Knies.

The script follows the approach that is illustrated in Figure 5.1. An additional Gaussian
line with fixed energy and width is added to the final fit, in which every other parameter
has been frozen. The fit is then refitted, allowing the norm of the Gaussian to vary and
to eventually reach its best fit value with a minimum of 1072, This value was chosen
to lie below probable influence on the fit but to ensure that no norms < 0 could occur,
as this would cause issues in the error calculation. Afterwards the 1, 2, and 3¢ errors
of the Gaussian norm are calculated. For this the pyxspec_error_calc.py routine by
Dr. Jonathan Knies was used. This script first attempts to calculate each error using
the PyXspec error command. As the error command is known to fail or run into issues
frequently, any time the output error string does not read 'FFFFFFFEF’ which denotes an
error calculation without issues, the error calculation is repeated using steppar (Arnaud
et al., 2023). The script automatically runs as many iterations of steppar as necessary to
determine the errors of the parameters. The energy of the Gaussian, the best fit value of
the Gaussian norm, the errors of the Gaussian norm, and the y? values of the fit before
and after the addition of the Gaussian are recorded and printed into an output file. Then
the original fit is reloaded and the process repeats.

By varying the energies of the Gaussian lines in small increments an energy range can

thus be scanned for unknown spectral lines. The resulting changes in the x? values can be
used to identify possible line detections, as an improvement of the fit with the addition of
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5. Line detection

—— spectral fit
—— additional Gaussians

countrate
S

Energy

Figure 5.1.: Schematic visualizing the fitting process of the line detection script

the Gaussian line points to positive residuals in the original fit. Meanwhile, the best fit
Gaussian norms can give a measure for the flux and brightness of potential lines, as the
Gaussian norm is defined to be equivalent to the line flux (Arnaud et al., 2023).

The width of the Gaussian, i.e. its sigma parameter, depends on the velocity dispersion
of the dark matter in the Milky way, which takes a value of v ~ 200 kTm, resulting in
a Doppler-broadening of %E ~ 2 (see Dessert et al., 2023 and references therein). This
broadening was taken into account in the fitting process. As it results in widths of only a

few eV, it is, however, not expected to signify against the intrinsic broadening of lines due
to the resolution of eROSITA.

The resulting change in y? with the addition of a Gaussian, Ax?, can be converted into
a o measure for the significance of a detection as follows. This ensures a clear statistical
classification of results and is often done to gauge the statistical validity of detection re-
sults, e.g. by Boyarsky et al. (2014).

The probability p that the model with the additional line is accurate over the original model
is given by the x? cumulative distribution function F(Ax?; k) (scipy.stats.chi2.cdf(z;k) in

Python (The SciPy community, 2023a)), where k is the number of additional degrees of
freedom (in the present case one: the Gaussian norm), so (Wall and Jenkins, 2012):

p=F(Ax*1) (5.1.1)
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5. Line detection

This probability is now rephrased in terms of the o of a Gaussian distribution. This no
value gives a measure for the percentage of the entire area beneath a Gaussian function
in the “no-interval” [zg — no, g + no| around its central value xy. For 3o this is already
a value of 99.73% (Wall and Jenkins, 2012). For this the percent point function F’(p)
(scipy.stats.norm.ppf in Python (The SciPy community, 2023b)) is used as follows:

— o2

As the percent point function takes probability values that encompass the entire left tail
of the Gaussian, the “shifting” of the probability in Eq. 5.1.2 is necessary to ensure a
correct conversion of values. This was confirmed through testing of this approach in order
to ensure the correct calculation of o values.

It is important to note at this point that a 3o detection in this case does not necessarily
conclusively prove the existence of a line feature at the given energy. It can only show that
positive residuals are present and how vastly their correction improves the fit. Whether
these residuals are line-like can, however, only be determined by analyzing the results and
residuals over the course of a scan, and searching for the presence of line-like features in
the results. This process is limited by the resolution of eROSITA.

Using this approach all final fits with disnht absorption described in the previous sections
were scanned for lines with the line_finder.py script over an energy range from 2 to
9keV in steps of 25eV. Energies below 2keV were omitted, as even the final fits contain a
higher amount of residuals at these energies.
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5. Line detection

5.2. Line detection results

—— linear fit
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Figure 5.2.: Linear fit approximation for the eROSITA energy resolution (calibration
FWHM values taken from Dennerl et al. (2020))

The results of the line detection process were plotted and evaluated. It was discovered that
peaks in the o significances of detection exist which point to possible line features.

The peaks in the o values were detected using the scipy tool scipy.signal.find_peaks
using a minimum value of three datapoints between subsequent peaks to filter out very
small fluctuations. Then the lines were sorted using the script sort_lines.py, that was
created for this express purpose. Each peak was assigned a width based on eROSITA’s
energy resolution at its respective peak energy. Added to that was the energy difference
of one step in the line scanning process, i.e. 25eV, amounting to the following equation,
where wg,; is the total peak width, while w,e is eROSITA’s resolution at the specified

energy F:
Wrot = wres(E) + 25eV (521)

To approximate values for the energy resolution of eROSITA for all energies a linear fit
to the calibration values from the ground calibration (published in Dennerl et al. (2020)
among others) was performed. The resulting parameters of this fit with the function
Wes(E) = a - E + b can be seen in Figure 5.2. The fit parameters are listed in Table 5.1.

The finite resolution of eROSITA makes it impossible to completely resolve the detected
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5. Line detection

parameter value
a (12.9240.21) - 1073
b (57.7+£0.6) eV

Table 5.1.: Best fit parameters for linear approximation of eROSITA’s energy resolution

features into lines. As mentioned before, it can thus not always be conclusively decided
whether the detected features do posses a line shape. Since the step size of 25eV that was
used in the line scanning process is smaller than the resolution of eROSITA, peaks with
distances between their centers that were smaller than either of their assigned widths were
merged. The merged peak was then assigned an energy and norm value resulting from a
weighted average with respect to the o values of the original peaks. A weighted o value was
then calculated as a weighted average of the differences of the individual peak energies to
the new energy value. As all thus obtained and merged line features are possible lines they
are treated as such within the scope of this thesis. Whether that assessment is accurate
would need to be the object of further study.

sort_lines.py then identified instrumental lines by their overlap with the FWC instru-
mental lines, as can for instance be seen in Figure 5.3. Due to the fact that the values the
Gaussian norm could take in the line scan were limited to > 1072, only instrumental lines
with norms above this value were considered for this purpose. To also broaden the narrow
instrumental lines in accordance with the energy resolution of eROSITA, the following for-
mula was adapted from Kitayama et al. (2014) to combine the width of the line resulting
from spectral resolution, Wi, with the intrinsic width Wi,insic caused by other factors:
W? = Wi, + W, (5.2.2)

intrinsic

As most instrumental lines are extremely narrow, this results in W ~ W, for most lines.

Lists of all detected lines of all o for each region and eRASS can be found in Section A.4 in
the Appendix. All lines identified with instrumental lines are denoted as “instrumental”,
while lines resulting from the merging of two close lines are marked “averaged”.

In the following analysis only the non-instrumental lines that were detected with a signifi-
cance over the threshold of 30 were investigated as significantly detected features.

The total number of photons present in the energy range of each line was finally calculated
using the ignore command of PyXspec to exclude all but the desired energy range and
the show command to output the count rate and exposure time for each TM. The total
number of photons N, for each line was calculated by multiplying the count rate with the
exposure time and summing over all TMs (Gordon and Arnaud, 2022).
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Figure 5.3.: Plot of detected lines in the northern region for eRASS1 with errorbars, red:
Gaussian norm with 1, 2, and 30 errorbars, blue: o significances of the detection, light
blue background: location of instrumental lines for eROSITA

The statistical error o, on the number of photons can then be found by following Poisson
statistics, which describe the detections of photons in X-rays. The variance of a Poisson
distribution is equal to its average value (Wall and Jenkins, 2012). From this it follows

that:
Oph = V/ Nph (523)

This statistical error oy, serves as a reality check for the line feature detections in this work
by showing the pure statistical uncertainties the detection of X-ray photons is subject to.

A table of the non-instrumental > 3o0-lines with their properties, including Ny, and opp,
can be found in the final line list in Table 5.2 in the following section.

Detailed plots of the line detections were created to further showcase these results. One
such plot can be seen for eRASS1 in the northern region in Figure 5.3. The best fit norm
of the Gaussian line for each energy is plotted in red with its respective 1, 2, and 30 er-
rorbars. Meanwhile, the statistical significance of the detection in ¢ is shown in blue, with
visible individual datapoints to give a better sense of scale to the resolution of the scanning
process. Additionally the extent of eROSITA’s instrumental lines (as defined in the FWC
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5. Line detection

model) was drawn into the background of the plot in light transparent blue.

Three detected line features > 30 can be seen very clearly in Figure 5.3. It can also be
seen that there is some shift and overlap present in the FWC lines. This is due to the fact
that the lines are located at slightly different energies for different TMs.

Figure 5.3 shows very clearly that the Gaussian norms and o values rise and fall in parallel.
It also becomes clear that, especially at higher energies above 5keV, the detected features
trace the locations of the instrumental lines. This points to a certain measure of disparity
between the predictions of the FWC model and the strength of the instrumental lines in
the actual data. It can also be seen that the errorbars of the Gaussian norms grow with
higher energies, while the significances of the line detections decrease. This is likely due
to the increasing influence of the instrumental lines on the data, as well as due to the
decreasing effective area of eROSITA at these energies. It stands to reason that most of
the non-instrumental line detections should occur at energies of below ~ 5keV.

The line detection plots for the other regions and eRASS can be found in Section A.5.1
in the Appendix. Section A.5.2 in the Appendix, meanwhile, contains plots of the same
data where the Gaussian norms have been plotted in logarithmic scale and without their
errorbars for better visibility. In these plots the parallel rise and fall of the Gaussian norms
with the o values is more clearly visible, while the plots with errorbars (such as Figure 5.3)
emphasize the scale of the Gaussians and their errors much more clearly.

It can be seen in the Plots in Section A.5.1 that the line detections do not always correlate
quite as well with the instrumental lines as they do in Figure 5.3. Nevertheless, for the
large majority of lines above ~ 5keV a definite correlation with the instrumental lines can
be seen. There are also noticeable recurring features, such as a block of several lines at
around ~ 3keV, a single line below ~ 2.5keV, and an instrumental line at around 6.5 keV,
that confirm the presence of recurring features in the spectral residuals.

It is, however, not possible to resolve the different detections over all regions and eRASS
into distinct line features, as they are to widespread over the available energy range. A
plot showing the location and overlap of all non-instrumental lines with significances > 3o
can be seen in Figure 5.4. Furthermore, plots showing the line overlap of all lines for the
different regions and eRASS can be seen in Section A.5.3 in the Appendix.
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Figure 5.4.: Plot showcasing the location and overlap of all detected lines with > 3o
significance

5.3. Line identification

As the final step in this research work the detected line features were correlated with known
atomic and CX lines to find possible origins of their emission aside from sterile neutrino
decay.

First the lines were compared against atomic data by using the AtomDB Webguide feature!
(Smith et al., 2018) to search for known atomic lines in their energy range. Through this
method matches for each line could be found. This very good correlation could in part, of
course, also be caused by the large assigned widths of the lines via the energy resolution
of eROSITA and the scanning step size used in the line detection.

The match with the strongest emissivity is listed in the final line list in Table 5.2. While
the emissivities of the lines vary from ~ 10717 to ~ 10719222 o over two to three
orders of magnitude, it can, within the framework of this analysis, not conclusively be
decided which line features could quantitatively be caused by their associated emission
lines and which could not, as the physical properties of the potentially emitting material
are unknown.

! Available at http://www.atomdb.org/Webguide/webguide.php.
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5. Line detection

With CX emission being another potential source of X-ray line emission, as was described
in Section 2.2, a comparison of the detected lines with charge exchange lines was also
deemed necessary. However, this proved to be a much more challenging task, as, due to
the complicated nature of CX emission, comprehensive catalogs, such as the AtomDB cat-
alog for atomic line emission, do not exist in the energy range of 2 to 9keV. Thus, to be
able to gauge possible contributions of CX emission to the detected lines a different route
was taken.

As CX emission is very dependent on the physical parameters of the emitting medium, es-
pecially its temperature, ten acx2 models with temperatures of 0.1 to 1.0 keV were stacked
to form a potential profile of CX lines as they might occur over this temperature range.
Solar abundances were chosen, the recombtype was set to 2, and the acxmodel 8 was
specified. Meanwhile, the velocity of the medium was set to 40 1% in accordance with
the velocity of intermediate velocity clouds (IVCs), a possible source of CX emission in
the Milky Way (see references in Ponti et al., 2022). This, compared to other potential
sources of CX emission, very low velocity was chosen, as higher velocities dampen the scale
of the line emission. As a norm the best fit geometric norm of the SWCX component of
the northern region in eRASS1 was used to gain some quantitative measure of scale. The
resulting line profile was compared with the detected lines (Foster, 2023).

It can be seen in Figure 5.5 that a multitude of CX emission lines is present at energies
between 2 and 5keV, where most of the non-instrumental line detections occurred. The
emission lines shown in Figure 5.5 that were found in the eRASS1 data of the northern
region with > 3¢ could thus all be impacted by CX emission. As for the atomic lines,
the scale of this influence remains unknown in the absence of concrete knowledge of the
physical properties of the emitting medium. An influence on the line emission is thus a
possibility. Overlap with possible CX lines exists for all detected lines, as can be seen in
the other plots in Section A.6 in the Appendix.

To get a sense of scale of the magnitude of the CX emission, the Gaussian line detected
at 2.625keV in the eRASS1 data of the northern region was plotted into the CX model to
scale and folded with the data. It can be seen in Figure 5.6 that this results in emission of
similar orders of magnitude. As, however, the geometric norm of the SWCX emission was
used for the CX modeling, which scales with é, where D is the distance to the source, a
CX source outside the LHB would need to have a by ~ 10%° larger extent to reach the same
scale. An origin in only CX emission thus seems unlikely for the detected lines (Foster,

2023; see references in Ponti et al., 2022).

The final line list containing all detected non-instrumental > 3¢ lines can be seen in Table
5.2.
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Figure 5.5.: Plot showing the location of detected line features (blue) against line emission
in the acx2 model (red) for the northern region in eRASS1
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Figure 5.6.: Plot of a detected line (red) compared to the acx2 CX emission model (blue),
both models are folded with the data for the northern region in eRASS1
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5. Line detection

energy peak ¢ width average norm region, atomic Nph Oph
keV] keV]  [ph/(cm?s)] eRASS line
2.625 4.09306 0.11662  8.11979e¢-09  north, 1 SXVI 13159.64  114.71547
3.125 3.28727 0.12307  7.40130e-09  north, 1 ArXVII  16038.854  126.6446
3.475 3.23539  0.1276  7.96029e-09  north, 1 SXVI 15877.742  126.00691
2.325 5.04696 0.11274  1.22034e-08 north, 2 SXV 18814.546  137.16613
2.62528 3.79103 0.11662  7.31994e-09  north, 2 SXVI 18485.064  135.95979
3.225 3.72581 0.12437  8.31039e-09  north, 2 ArXVII  14782.612 121.58377
3.45 3.05158 0.12727  7.08180e-09  north, 2 ArXVIII 14752.188 121.45859
4.025 3.30829  0.1347  8.87259e-09  north, 2 CaXIX 18459.013  135.86395
2.3 5.79061 0.11242  1.26718e-08 mnorth, 3 SiXIV 20789.3362 144.18508
2.65 546196 0.11694  1.01466e-08 north, 3 SXVI 20027.1614 141.51735
3.025 6.06273 0.12178  1.24655e-08 north, 3 ArXVII  19971.6295 141.32102
3.2 4.85439 0.12404  1.05149e-08 mnorth, 3 ArXVII  19870.8631 140.96405
2.4 5.45145 0.11371  1.16595e-08  north, 4 SXV 17142.062  130.9277
2.775 4.99145 0.11855  1.08985e-08  mnorth, 4 SXV 13084.202  114.3862
3.275 4.72057 0.12501  1.05627e-08  north, 4 CaXIX 13148.15  114.66538
4.075 3.82465 0.13535  1.04676e-08 mnorth, 4 CaXX 17971.357  134.05729
4.675 3.9273  0.1431  1.38943e-08 mnorth, 4 CaXIX 17565.486  132.53485
2.675 4.04114 0.11726  8.46941e-09  disk, 1 ~ SXVI 28778.228  169.64147
2.925 3.73528 0.12049  8.22076e-09  disk, 1 ~ SXV 28397.367  168.51518
3.075 4.68303 0.12243  1.03729¢-08  disk, 1 ArXVII  27978.041 167.26638
3.35 3.62136 0.12598  8.40570e-09  disk, 1 ~ ArXVIII 27512.027  165.8675
2.6 5.30648 0.11629  1.04445e-08  disk, 2 SXVI 32267.668  179.63204
2.75 5.22012 0.11823  1.16669e-08  disk, 2 CIXVI 30684.047  175.16862
2.95 4.29385 0.12081  9.06762e-09  disk, 2 SXV 30429.804 174.44141
3.075 5.14112 0.12243  1.09502e-08  disk, 2 ArXVII 31013.8 176.10735
3.2 3.91415 0.12404 8.67223e-09  disk, 2 ArXVII  30524.899 174.71376
2.35 5.62356 0.11306  1.73032¢-08  disk, 3 SXV 25148.57  158.58301
2.625 inf? 0.11662  1.99536e-08  disk, 3 SXVI 24571.214  156.75208
2.775 6.40148 0.11855 1.69120e-08  disk, 3 SXV 23197916  152.30862
3.175 7.99157 0.12372  2.09653e-08  disk, 3 ArXVII = 23421.145 153.03968
3.5 3.10746 0.12792  8.38787e-09  disk, 3 KXVIII = 22448962 149.82978
3.95 42173  0.13373  1.25024e-08  disk, 3 CaXIX 22321.404  149.40349
4.2 3.59619 0.13696  1.15533e-08  disk, 3 CaXX 21832.416  147.75796
4.75 3.28204 0.14407  1.33360e-08  disk, 3 CaXX 22245.282  149.14852
Continued

2This very high and undefined o value was caused by the large degree of improvement the fit experienced
through the addition of the Gaussian. The probability that the fit with the additional Gaussian is

preferred is approaching one, leading to the o value rising toward infinity.
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1.24156e-08
1.42357¢-08
1.38637e-08
1.75848e-08
1.28916e-08
1.75113e-08
1.04120e-08
1.43727e-08
1.25587e-08
1.14638e-08
1.15322¢-08
1.20525e-08
1.77263e-08
1.12372e-08
2.03413e-08
2.40681e-08
2.27862¢-08
2.08977e-08
2.31103e-08
2.42613e-08
2.08415e-08

disk, 4
disk, 4
disk, 4
disk, 4
disk, 4
disk, 4
south, 1
south, 1
south, 1
south, 2
south, 2
south, 2
south, 2
south, 3
south, 3
south, 4
south, 4
south, 4
south, 4
south, 4
south, 4
south, 4

SXV
SXVI
SXVI
SXV
ArXVII
ArXVIII
SXV
SXVI
SXV
SXV
SXVI
SXV
ArXVIII
SXV
ArXVIII
SiXIV
SXVI
SXV
ArXVII
ArXVIII
CaXIX
CaXX

35389.53
34155.549
32860.016

32146.43
32294.806
30799.551

11065.8352
13435.0817
10890.3059
10300.7824
13385.9869
10117.3409
13260.8306
19355.7432
15325.8005
20040.689
19725.383
19442.596
19118.159
19473.133
19149.233
19672.445

188.12105
184.8122
181.27332
179.29426
179.70756
175.49801
105.19427
115.9098
104.35663
101.49277
115.69783
100.58499
115.15568
139.12492
123.79742
141.56514
140.44708
139.43671
138.26843
139.54617
138.38075
140.25849

Table 5.2.: All non-instrumental lines with significances ¢ > 3 with their parameters, in-
cluding atomic line counterparts, total photon numbers N, and their standard deviations

O'ph
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6. Discussion

The key findings of this work concern both the modeling of the diffuse X-ray background
and the line detections in the residuals.

The key result of this work is, of course, the detection of line features in the residuals of
the diffuse eROSITA X-ray background. While many line-like features were detected, all
of them can be associated with known atomic lines as well as possible influence from CX
emission, resulting in a non-detection of otherwise unassociated lines that could be con-
nected to sterile neutrino decay. Lines at, or close to, the 3.5keV line could also be found.
A detection was made at 3.5keV in the disk region for eRASS3, as well as at 3.475keV in
the northern region for eRASS1. Due to the limited energy resolution of eROSITA, both
of these lines could, however, be associated with known atomic lines, KXVIII and SXVI
respectively, while CX contribution is also a possibility, as was shown by Gu et al. (2015)
and Shah et al. (2016). Thus, at this point in time, no evidence of sterile neutrino decays,
at 3.5keV or elsewhere, could be found.

These insights, of course, depend on the spectral fits of the Galactic diffuse X-ray back-
ground they are based on. In this work a spectral model was found that could describe the
diffuse X-ray emission detected in the observed regions well by modifying the model by
Ponti et al. (2022). The current models of the diffuse X-ray background are phenomeno-
logical descriptions of the observed emission and many factors concerning the components
of this emission are still uncertain. While it is not the purpose of this work to characterize
the diffuse X-ray emission in the Milky Way, the best fit models found in this work can
nevertheless yield useful information toward further improvement in spectral modeling. A
key part of this reasoning is the large region size of the regions analyzed in this work. It
amplifies discrepancies between the model and data and could thus especially point out
areas where the two still diverge for current models. One factor to showcase this might,
for instance, be the additional components that were necessary to model the spectra, es-
pecially the apparent necessity for a vnei/vrnei component, which was present in all of the
better model versions, with the final model, too, containing an additional vnei component.
This could point to non-equilibrium processes being present in the observed emission. In
the process of this analysis it was also confirmed that the more detailed modeling of the
nH absorption through the disnht model by Locatelli et al. (2022) massively improves the
quality of the fit especially for larger areas with more nH variation, such as the disk region
analyzed in this work.

One additional interesting result arising from the line detection are the apparent slight
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6. Discussion

discrepancies between the data and the FWC model that can be seen very well in the way
the detected line features at higher energies align with the instrumental lines (see Figure
5.3 and Section A.5.1). While not all lines align smoothly with the FWC lines, there is a
clear strong tendency. At Gaussian norms of around ~ 107% this effect is not very large
quantitatively, but it is made visible here, likely through the large region size used in this
study as well as the fine scan employed for the line detection. It is likely caused by the
changing of the particle background over time that is difficult to contain in a single model
for all eRASS, as was discussed in Section 4.3.5.

The large sizes of the analyzed regions do, however, also come with definite caveats. They
allow for non-insignificant variation in the physical properties of the emission components
over the region area, that can not be gauged or counteracted. They can also lead to is-
sues with the energy calibration of the 020 processing version, which can introduce further
errors into the work through the attempt to counteract these issues by addition of a gain
offset. Additionally it is a definite possibility that the final best fit that could be found in
the scope of this thesis is not the true best fit and further refinement of the model would be
possible in potential further studies. Further studies of the diffuse background emission in
these regions would be especially intriguing with the new 030 processing version expected
later this year that will include an improved energy calibration.

Caveats in the fitting process, of course, also have an influence on the line detection. While
the energy range below 2keV was deliberately excluded from the line scanning process to
avoid the most prominent residuals in the fits, residuals caused by the choice of model
and fit will nevertheless have an influence on the results of the line search. This could,
theoretically, also be a factor in the large number of detected lines above 30. Especially
the vapec and vnei model components, that allow a very fine tuning of individual element
abundances, could also be a factor in the possible appearance of inaccurate atomic lines in
the fit.

Whether the detected features actually resemble lines can also only be investigated within
the bounds set by eROSITA’s energy resolution. Especially in places with broader emission
features, both the existence of several overlapping lines or broader features in the residuals
could be possible. As the purpose of this work was to find all line features, all peaks that
could be resolved by eROSITA as separate peaks were treated as individual lines. An
uncertainty in this does, however, certainly remain.

As all 56 detected line features > 30 were accounted for through atomic lines, it was not
possible in the scope of this thesis to look more closely into each individual line, or to
preform an individual modeling on their shapes. For a closer look into their properties,
doing so could be an intriguing follow-up study, especially considering the expected im-
provements with processing version 030.

Finally it can be reiterated that the decay line feature search conducted in the course of

this thesis project has revealed the presence of many line features in the residuals of the
fit, all of which can be associated with atomic lines and CX lines. Thus in this study no
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6. Discussion

evidence for the presence of sterile neutrino decay lines could be found.
Additionally good spectral fits for the diffuse X-ray background, that could contribute to

further work in the characterization of its different components and their properties, were
found.
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7. Summary and Outlook

The investigation of new physics is a difficult, however, extremely important task in scien-
tific research.

To contribute to the effort of detecting and investigating possible dark matter decay fea-
tures, a search for sterile neutrino dark matter decay lines toward the Galactic bulge and
halo was conducted in this work.

To this purpose eROSITA data from a semi-circular region west of the Galactic center was
analyzed. The region was split into three parts, separating the disk area from the northern
and southern areas. In the data of all three regions all point sources were excluded and
spectra were extracted.

The spectra were modeled using the spectral model by Ponti et al. (2022). Many different
model configurations were tested and the basic model was modified to find a final best fit
model.

This model was then used in the next steps to scan the residuals for line features through
the repeated addition and fitting of Gaussian line components to the final best fit model.
Through this scan a large number of line features could be found, many of which trace the
FWC model lines, pointing to small discrepancies between the FWC model and the actual
instrumental and particle background in the data. The significant line detections > 3o
were correlated with known atomic lines as well as possible CX lines.

It was found that all detected lines can be associated with known atomic lines, while also
showing overlap with possible CX lines. The conclusion must thus be drawn that no sign
of sterile neutrino decay lines could be found in the present survey.

As the 030 processing version for eROSITA data expected later this year includes an im-
proved energy calibration, it is expected that the 030 data could offer further insight into
the properties of the spectra and the present emission lines in possible follow-up studies.
Another instrument that is expected to have a large impact on this field of study is XRISM,
which was launched recently.

In conclusion it can be said that the question of sterile neutrino dark matter and its
possible decay features remains unsolved as of yet. It is, however, a fascinating possibility
and we can expect a lot of interesting studies and projects in the future to investigate it
further, and to - perhaps - bring us closer to a comprehensive picture of dark matter and
its characteristics.
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A. Appendix

A.1. List of sky tiles used in the analysis

238105 236108 239108 237111 241111 244111 247111 235114 238114 242114 245114 248114
251114 235117 238117 242117 245117 248117 252117 255117 235120 238120 242120 245120
249120 252120 255120 259120 262120 235123 238123 242123 245123 249123 252123 256123
259123 263123 266123 235126 238126 242126 245126 249126 253126 256126 260126 264126
267126 271126 275126 233129 237129 241129 244129 248129 252129 256129 260129 263129
267129 271129 275129 279129 282129 235132 239132 243132 247132 251132 255132 259132
263132 267132 271132 275132 279132 283132 287132 291132 295132 238135 242135 246135
250135 254135 259135 263135 267135 271135 275135 279135 283135 288135 292135 296135
236138 241138 245138 249138 254138 258138 262138 267138 271138 275138 280138 284138
288138 293138 242141 247141 252141 256141 261141 265141 270141 275141 279141 284141
288141 293141 244144 249144 254144 259144 264144 269144 274144 279144 284144 288144
251147 257147 262147 267147 273147 278147

A.2. Table of exact area results for each region and
eRASS

north disk south
eRASS1 388.6726 506.3670 282.8585
eRASS2 389.5917 504.4983 283.0662
eRASS3 389.8535 506.6979 283.0808
eRASS4 387.5580 505.1626 283.3424

Table A.1.: Exact areas of all regions for each eRASS in degxdeg
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A. Appendix

A.3. Final fit parameters and plots

For more information on the parameters of the model components and their properties,
see Arnaud et al. (2023).

The first constant factor (constl/factorl) in the final spectral model was fit individually
for each TM. In the following tables its value for TM1 is listed, for which the factor was
frozen to a value of 1.0.

A.3.1. Northern region

data and folded model
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Figure A.1.: Final fit on the northern eRASS2 data
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Figure A.3.: Final fit on the northern eRASS4 data
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Model component parameter best fit value
const1 factorl 1.00
const2 factor2 1.40e+06
SWCX: acx?2 temperature 1.28e-01

collnpar 4.50e+02

collntype 2

acxmodel 8

recombtype 1

Hefrac 9.00e-02

abund 1.00

redshift 0.00

norm 4.19e-0515:53e~00
LHB: apec kT 9.00e-025 0005

Abundanc 1.00

Redshift 0.00

norm 1.87e-07+ 5008
CGM: vapec kT 1.88e-017 1503

He 8.00e-02

C 8.00e-02

N 8.00e-02

O 8.00e-02

Ne 1.06e-0175-28e=03

Mg 3.00e-017595 oo

Al 8.00e-02

Si 8.00e-02

S 8.00e-02

Ar 8.00e-02

Ca 8.00e-02

Fe 3.00e-0119%0 s

Ni 8.00e-02

Redshift 0.00

norm 7.12e-05153%—07
Cor: apec kT 6.83e-0115-95¢—0%

Abundanc 1.00

Redshift 0.00

norm 3.81e-07H1 00708
CXB: powerlaw Pholndex 1.46

norm 7.89e-07"5 500
vnei kT 8.12e-01159% =02

H 1.00

He 1.00

C 1.00

Continued
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gain offsets

Tau
Redshift
norm
TM1
TM2
TM3
TM4
TMG6

7.57e+1

1.00

7.72e-017702~

1.00

6.76e-011J_;§j3§§1:
155717330,

3.97 108
1.00
1.00
1.00
1.00

0.00

7.12e-0774-5%~

-1.42e-03
1.42¢-03
-4.14e-03
1.43e-03
-5.19e-03

09
03

02
02

0+4.99e+13
—7.56e+10

08
08

Table A.2.: Final fit parameters for the eRASS1 fit for the northern region with 90%
confidence interval errors

Model component parameter best fit value
const1 factorl 1.00
const2 factor2 1.40e+06
SWCX: acx2 temperature 1.28e-01
collnpar 4.50e+02
collntype 2
acxmodel 8
recombtype 1
Hefrac 9.00e-02
abund 1.00
redshift 0.00
norm 3.04e-0515 200700
LHB: apec kT 9.82e-021 595705
Abundanc 1.00
Redshift 0.00
norm 1.87e-0717 91703
CGM: vapec kT 1.84e-017}51e— 03
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A. Appendix

He 8.00e-02

C 8.00e-02

N 8.00e-02

0 6.83¢-021 68304

Ne 1.06e-0175:55e=05

Mg 1.79e-0173 7002

Al 8.00e-02

Si 8.00e-02

S 8.00e-02

Ar 8.00e-02

Ca 8.00e-02

Fe 3.00e-0179%0. oa

Ni 8.00e-02

Redshift 0.00

norm 8.50e-051216¢~00
Cor: apec kT 6.89e-01T2:47e—02

Abundanc 1.00

Redshift 0.00

norm 2.66e-07 1500120
CXB: powerlaw Pholndex 1.46

norm 7.91e-0713:85e= 0
vnei kT 7.69e-0173-84e-02

H 1.00

He 1.00

C 1.00

N 1.00

O 1.00

Ne 1.00

Mg 1.00

Si 151 o0

S 1.00

Ar 1.00

Ca 1.00

Fe 1.00

Ni 1.00

Tau 9.00e4107§25e+04

Redshift 0.00

norm 7.51e-07 5520700
gain offsets TM1 -3.56e-03

TM2 2.11e-03

T™M3 -4.25e-03

Continued
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A. Appendix

T™M4 1.95e-04
TM6 -4.34e-03

Table A.3.: Final fit parameters for the eRASS2 fit for the northern region with 90%
confidence interval errors

Model component parameter best fit value
const1 factorl 1.00
const2 factor2 1.40e4-06
SWCX: acx2 temperature 1.28e-01

collnpar 4.50e+02

collntype 2

acxmodel 8

recombtype 1

Hefrac 9.00e-02

abund 1.00

redshift 0.00

norm 1.12e-0417]-22e—0¢
LHB: apec kT 1.20e-011550. s

Abundanc 1.00

Redshift 0.00

norm 2.96e-07 67708
CGM: vapec kT 1.83e-0177-¢2— 01

He 8.00e-02

C 8.00e-02

N 8.00e-02

o) 6.43c-021 1004

Ne 1.20e-01+210e=03

Mg 3.00e-017999 o,

Al 8.00e-02

Si 8.00e-02

S 8.00e-02

Ar 8.00e-02

Ca 8.00e-02

Fe 3.00e-017500 o,

Ni 8.00e-02

Redshift 0.00

norm 8.97e-05"1 220~ 00
Cor: apec kT 6.42e-017359°~02

Continued
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A. Appendix

CXB: powerlaw

vnel

gain offsets

Abundanc
Redshift
norm
Pholndex
norm
kT

H

He

C

N

O

Ne

Mg

Si

S

Ar

Ca

Fe

Ni

Tau
Redshift
norm
TM1
TM2
TM3
TM4
TM6

1.00
0.00

3.11e-07+4T1e=09

1.46

8.26e-072 70—

09
08

7.02¢-01+4:21e-02

1.00
1.00
1.00
1.00

46.04e—01
19627 30601

1.00

6.79e-01+337e-02

+1.40e—01
1.5971 49e—o01

4184118
1.00
1.00
1.00
1.00

1.41e411F240e+10

0.00

8.74e-07 131208

4.66e-04
4.40e-03
-3.48e-03
-7.03e-04
-3.25e-03

Table A.4.: Final fit parameters for the eRASS3 fit for the northern region with 90%
confidence interval errors

Model component parameter best fit value
const1 factorl 1.00
const?2 factor2 1.40e4-06
SWCX: acx?2 temperature 1.28e-01
collnpar 4.50e+02
collntype 2
acxmodel 8
recombtype 1
Continued
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A. Appendix

Hefrac 9.00e-02

abund 1.00

redshift 0.00

norm 7.186-05ﬁji‘§2:82
LHB: apec KT 9.27¢-02+2 7503

Abundanc 1.00

Redshift 0.00

norm 3.60e-07" 300 o8
CGM: vapec kT 1.80e-0171-30¢=03

He 8.00e-02

C 8.00e-02

N 8.00e-02

o) 6.54e-0211-96e-03

Ne 1.05e-01F85%-0

Mg 3.00e-01799 .,

Al 8.00e-02

Si 4.00e-027+181e02

S 8.00e-02

Ar 8.00e-02

Ca 8.00e-02

Fe 3.00e-0179%0 .

Ni 8.00e-02

Redshift 0.00

norm 9.04e-05*5:90¢ 06
Cor: apec kT 5.00e-017 50"

Abundanc 1.00

Redshift 0.00

norm 3.93e-0975-55¢ 59
CXB: powerlaw Pholndex 1.46

norm 8.326-07fgj832:88
vnei kT 7.33e-0117 3503

H 1.00

He 1.00

C 1.00

N 1.00

0 1.00

Ne 7.25e-017 5700703

Mg 6.34e-01 145202

Si 1,351 19201

S 1.00

Ar 1.00

Continued
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A. Appendix

gain offsets

Ca
Fe

Ni
Tau
Redshift
norm
TM1
TM2
TM3
TM4
TM6

1.00
1.00
1.00

1.12e4117F6:95+08

0.00

1.15e-06+175e-08

7.54e-04
3.61e-03
-4.01e-03
3.16e-03
-4.35e-03

Table A.5.: Final fit parameters for the eRASS4 fit for the northern region with 90%

confidence interval errors
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A. Appendix

A.3.2. Disk region

data and folded model

counts s keV-!

R ! I “'l ‘HWMM o Ww i
T M i W Wil

2 5
Energy (keV)

(data-model)/error

29-Jul-2023 17:12

Figure A.4.: Final fit on the disk eRASS2 data
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counts s keV-!

(data—model)/error

counts s~ keV-'

(data—model)/error

A. Appendix

data and folded model

Energy (keV)
29-Jul-2023 17:55

Figure A.5.: Final fit on the disk eRASS3 data

data and folded model

5 L{‘

%’ M' H‘M i l )MN ‘W ‘
Wi

Ll m ' M. g M‘Hw\w i
i \N I‘ m | &‘ “‘M U ”‘WMN’WM

0.5

Energy (ke )
29-Jul-2023 17:48

Figure A.6.: Final fit on the disk eRASS4 data
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A. Appendix

Model component parameter best fit value
const1 factorl 1.00
const2 factor2 1.82e+06
SWCX: acx?2 temperature 1.31e-01
collnpar 4.50e+02
collntype 2
acxmodel 8
recombtype 1
Hefrac 9.00e-02
abund 1.00
redshift 0.00
norm 1.29e-041]-35e-08
LHB: apec kT 1.20e-0115 50— 03
Abundanc 1.00
Redshift 0.00
norm 6.24e-07202 oo
CGM: vapec kT 1.68e-011552¢— 03
He 8.00e-02
C 8.00e-02
N 8.00e-02
o) 4.00e-0274-90e—04
Ne 1.13e-017335e=08
Mg 1.46e-017]20e=01
Al 8.00e-02
Si 3.00e-017990 . oo
S 3.00e-017995. oo
Ar 8.00e-02
Ca 8.00e-02
Fe 3.00e-011999 .,
Ni 8.00e-02
Redshift 0.00
norm 4.15e-04 129800
Cor: apec kT 6.10e-0175-10e—03
Abundanc 1.00
Redshift 0.00
norm 8.47e-0715 1008
CXB: powerlaw Pholndex 1.46
norm 1.80e-0612-52e—09
vnei kT 6.74e-011 20202
H 1.00
He 1.00
C 1.00
Continued
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Table A.6.: Final fit parameters for the eRASS1 fit for the disk region with 90% confidence

interval errors

A. Appendix

gain offsets

Tau
Redshift
norm
TM1
TM2
TM3
TM4
TMG6

1.00

+1.02
S o
.Ule—
2'00—1.308—01

1.00

+1.12e—01
i
O0e—
5351101

1.00
1.00
1.00
1.00
2.04e4117505e+13
0.00
1.68e-061545e-99
-1.77¢-03
1.24¢-03
-2.41¢-03
1.25e-03
-5.71e-03

Model component parameter best fit value
const1 factorl 1.00
const2 factor2 1.82e4-06
SWCX: acx2 temperature 1.31e-01
collnpar 4.50e+02
collntype 2
acxmodel 8
recombtype 1
Hefrac 9.00e-02
abund 1.00
redshift 0.00
norm 1.49e-04+F 15000
LHB: apec kT 1.20e-017500. 0
Abundanc 1.00
Redshift 0.00
norm 6.24e-071990 o7
CGM: vapec kT 1.67e-0117-23—03
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A. Appendix

He 8.00e-02

C 8.00e-02

N 8.00e-02

0 4.01e-027480e-10

Ne 1.07e-0175 0608

Mg 1.86e-01+1-41e—02

Al 8.00e-02

Si 3.00e-0175%0, oo

S 3.00e-017090 s

Ar 8.00e-02

Ca 8.00e-02

Fe 3.00e-0175-30=08

Ni 8.00e-02

Redshift 0.00

norm 4.02e-04 137300
Cor: apec kT 7.40e-011580e—03

Abundanc 1.00

Redshift 0.00

norm 1.31e-0613-31e—08
CXB: powerlaw Pholndex 1.46

norm 1.87e-061590¢~09
vnei kT 6.75e-0115-57e~02

H 1.00

He 1.00

C 1.00

N 1.00

O 4.827550¢ 01

Ne 2.0510-5%e—01

Mg 1.00

Si 2.3311 800701

S 5.33 1

Ar 1.00

Ca 1.00

Fe 1.00

Ni 1.00

Tau 1.75e+11+198+18

Redshift 0.00

norm 1.33e-061 58009
gain offsets TM1 -3.88e-03

TM2 6.35e-04

TM3 -4.72e-03

Continued
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A. Appendix

T™M4
TM6

1.25e-03
-5.39e-03

Table A.7.: Final fit parameters for the eRASS2 fit for the disk region with 90% confidence

interval errors

Model component parameter best fit value
const1 factorl 1.00
const2 factor2 1.82e4-06
SWCX: acx2 temperature 1.31e-01
collnpar 4.50e+02
collntype 2
acxmodel 8
recombtype 1
Hefrac 9.00e-02
abund 1.00
redshift 0.00
norm 3.61e-04157¢—00
LHB: apec kT 1.20e-011550. s
Abundanc 1.00
Redshift 0.00
norm 6.24e-071050 e
CGM: vapec kT 1.75e-01+3 1208
He 8.00e-02
C 8.00e-02
N 8.00e-02
0 4.00e-02+4-00c—04
Ne 9.44e-027 29501
Mg 3.00e-017900 oo
Al 8.00e-02
Si 3.00e-017599 oo
S 3.00e-0178%, o3
Ar 8.00e-02
Ca 8.00e-02
Fe 3.00e-017500 o
Ni 8.00e-02
Redshift 0.00
norm 4.22e-041;90e+20
Cor: apec kT 5.44e-0175410 39
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A. Appendix

Abundanc 1.00

Redshift 0.00

norm 2.40e-07 139709
CXB: powerlaw Pholndex 1.46

norm 1.99e-061115e—08
vnei kT 7.61e-017592=02

H 1.00

He 1.00

C 1.00

N 1.00

0 2.46%5 1801

Ne 13245355703

Mg 5.39e-017 35202

Si 151550070

S 4.3918-8% 01

Ar 1.00

Ca 1.00

Fe 1.00

Ni 1.00

Tau 1.30e-+11F} a0

Redshift 0.00

norm 2.27e-0673 5108
gain offsets TM1 -3.70e-03

T™M2 1.36e-03

T™3 -5.45e-03

T™M4 -4.35e-03

Table A.8.: Final fit parameters for the eRASS3 fit for the disk region with 90% confidence
interval errors

Model component parameter best fit value
const1 factorl 1.00
const2 factor2 1.82e+06
SWCX: acx?2 temperature 1.31e-01
collnpar 4.50e+02
collntype 2
acxmodel 8
recombtype 1
Hefrac 9.00e-02
Continued
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A. Appendix

abund 1.00
redshift 0.00
norm 3.81e-047507¢ 06
LHB: apec kT 1.20e-014995. o
Abundanc 1.00
Redshift 0.00
norm 6.24e-077999 o
CGM: vapec kT 1.746—01ﬂj;32:8§
He 8.00e-02
C 8.00e-02
N 8.00e-02
0 4.00e-02+2-22—04
Ne 8.20e-0212-15e—01
Mg 1.56e-01+1:96e—01
Al 8.00e-02
Si 3.00e-0170%0 .,
S 3.00e-0179%% .
Ar 8.00e-02
Ca 8.00e-02
Fe 2.42¢-(0115-20e-02
Ni 8.00e-02
Redshift 0.00
norm 4.42e-0418-70e-06
Cor: apec kT 7.40e-01*5600 03
Abundanc 1.00
Redshift 0.00
norm 1.62e-06"5 009
CXB: powerlaw Pholndex 1.46
norm 2.586—06t§:832:82
vnei kT 7.00e-017250¢02
H 1.00
C 1.00
N 1.00
+8.50e—02
o
Mg 6.15e-0175-560e=02
: +1.37e—01
o ro i
Ar 1.00
Ca 1.00
Continued
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A. Appendix

Fe 8.23¢-01732 02

Ni 1.00

Tau 1.60e+11735e10

Redshift 0.00

norm 2.05e-06"5:00¢+20
gain offsets T™1 -2.94e-03

TM2 1.24e-03

TM3 -4.35¢-03

TM4 2.28e-03

TMG6 -6.45¢-03

Table A.9.: Final fit parameters for the eRASS4 fit for the disk region with 90% confidence
interval errors
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A. Appendix

A.3.3. Southern region

s keV-!

(data-model)/error

data and folded model

e ‘| il w H WM " v W'M
T u h ,“ ‘W pw i l”i)h{\u\“!, W

1 2
Energy (keV)

Figure A.7.: Final fit on the southern eRASS2 data
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counts s keV-!

(data—model)/error

counts s~ keV-'

(data—model)/error

A. Appendix

data and folded model

iy | T \u i VWW '”‘"‘“”" i
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Energy (ke V)
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Figure A.8.: Final fit on the southern eRASS3 data

data and folded model
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Figure A.9.: Final fit on the southern eRASS4 data
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A. Appendix

Model component parameter best fit value
const1 factorl 1.00
const2 factor2 1.02e+06
SWCX: acx?2 temperature 1.35e-01

collnpar 4.50e+02

collntype 2

acxmodel 8

recombtype 1

Hefrac 9.00e-02

abund 1.00

redshift 0.00

norm 3.57e-04 108000
LHB: apec kT 1.27e-01158%¢— 03

Abundanc 1.00

Redshift 0.00

norm 6.01e-071352—08
CGM: vapec kT 1.92e-0171 397703

He 8.00e-02

C 8.00e-02

N 8.00e-02

0 6.30e-0272-52e-03

Ne 1.26e-017g55e =05

Mg 8.00e-02

Al 8.00e-02

Si 8.00e-02

S 8.00e-02

Ar 8.00e-02

Ca 8.00e-02

Fe 8.00e-02

Ni 8.00e-02

Redshift 0.00

norm 1.05e-04 158606
Cor: apec kT 5.50e-01 120001

Abundanc 1.00

Redshift 0.00

norm 1.93e-067 g g8
CXB: powerlaw Pholndex 1.46

norm 1.13e-06 14508
vnei kT 141758501

H 1.00

He 1.00

C 1.00

Continued
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A. Appendix

N 1.00

0 8.231507

Ne 1.00

Mg 1.00

Si 3.77H

S 1.00

Ar 1.00

Ca 1.00

Fe 1.00

Ni 1.00

Tau 5.83e4 1072 glet10

Redshift 0.00

norm 8.40e-0873 015 0%
gain offsets TM1 -7.19e-04

T™M2 3.31e-03

T™3 -3.90e-03

TM4 3.85e-03

TM6 -5.32e-03

Table A.10.: Final fit parameters for the eRASS1 fit for the southern region with 90%
confidence interval errors

Model component parameter best fit value
const1 factorl 1.00
const2 factor2 1.02e+06
SWCX: acx2 temperature 1.35e-01
collnpar 4.50e+02
collntype 2
acxmodel 8
recombtype 1
Hefrac 9.00e-02
abund 1.00
redshift 0.00
norm 2.65e-047 59t 00
LHB: apec kT 1.00e-017700e= 63
Abundanc 1.00
Redshift 0.00
norm 3.12e-071535¢708
CGM: vapec kT 1.82e-0115 5002
Continued
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A. Appendix

He 8.00e-02

C 8.00e-02

N 8.00e-02

0 5.99e-021-10e—04

Ne 1.11e-0172-2ke=03

Mg 8.00e-02

Al 8.00e-02

Si 8.00e-02

S 8.00e-02

Ar 8.00e-02

Ca 8.00e-02

Fe 3.00e-017999. oo

Ni 8.00e-02

Redshift 0.00

norm 1.22e-04+:37e—06
Cor: apec kT 6.82e-0115-82—02

Abundanc 1.00

Redshift 0.00

norm 9.14e-08§ 5008
CXB: powerlaw Pholndex 1.46

norm 1.20e-06"§ 5520
vnei kT 7.13e-017 39902

H 1.00

He 1.00

C 1.00

N 1.00

0 2.33 7550 0

Ne 1.00

Mg 1.00

Si 15475800

S 1.00

Ar 1.00

Ca 1.00

Fe 1.00

Ni 1.00

Tau 1.56e+11+1-g8e+13

Redshift 0.00

norm 1.09e-0617 55308
gain offsets TM1 1.15e-03

TM2 4.48e-03

T™3 -4.20e-03

Continued
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A. Appendix

T™M4
TM6

3.15e-03
-3.32e-03

Table A.11.: Final fit parameters for the eRASS2 fit for the southern region with 90%
confidence interval errors

Model component parameter best fit value
const1 factorl 1.00
const2 factor2 1.02e+4-06
SWCX: acx2 temperature 1.35e-01

collnpar 4.50e+02

collntype 2

acxmodel 8

recombtype 1

Hefrac 9.00e-02

abund 1.00

redshift 0.00

norm 4.66e-0417-00e—00
LHB: apec kT 1.00e-017300e— 02

Abundanc 1.00

Redshift 0.00

norm 3.12e-07 35507
CGM: vapec kT 1.79e-0115 5503

He 8.00e-02

C 8.00e-02

N 8.00e-02

0 5.97e-0215:97e~04

Ne 1.20e-01 482003

Mg 8.00e-02

Al 8.00e-02

Si 1.25e-0172 7302

S 8.00e-02

Ar 8.00e-02

Ca 8.00e-02

Fe 3.00e-017909 oo

Ni 8.00e-02

Redshift 0.00

norm 1.18e-04 18- T1e—06
Cor: apec kT 5.41e-0173- 502
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A. Appendix

CXB: powerlaw

vnel

gain offsets

Abundanc
Redshift
norm
Pholndex
norm
kT

H

He

C

N

O

Ne

Mg

Si

S

Ar

Ca

Fe

Ni

Tau
Redshift
norm
TM1
TM2
TM3
TM4
TM6

1.46e+11

1.09¢-06"

1.00
0.00

2.85e-07+5 1408

1.46

1.22¢-0679-95=99
7.13e-0

1+6.596702

1.00
1.00
1.00

1.00

+4.03e—01
2'24—6.72e—02

1.00
1.00
1.00

5.4911 72
1.00
1.00
1.00
1.00

0.00

2.99e-04
6.87¢-04
-4.16e-04
3.65e-04
-3.99e-04

Table A.12.: Final fit parameters for the eRASS3 fit for the southern region with 90%
confidence interval errors

Model component parameter best fit value
const1 factorl 1.00
const?2 factor2 1.02e4-06
SWCX: acx?2 temperature 1.35e-01
collnpar 4.50e+02
collntype 2
acxmodel 8
recombtype 1
Continued
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A. Appendix

Hefrac 9.00e-02

abund 1.00

redshift 0.00

norm 2.95¢-04 120800
LHB: apec KT 1.00e-017 29003

Abundanc 1.00

Redshift 0.00

norm 3.12e-07" 315007
CGM: vapec kT 1.80e-017 %060

He 8.00e-02

C 8.00e-02

N 8.00e-02

o) 6.01e-0212-31e—04

Ne 9.60e-02F9-5%e—04

Mg 8.00e-02

Al 8.00e-02

Si 8.00e-02

S 8.00e-02

Ar 8.00e-02

Ca 8.00e-02

Fe 3.00e-01%5:75. o5

Ni 8.00e-02

Redshift 0.00

norm 1.29e-047 550706
Cor: apec kT 6.84e-017555705

Abundanc 1.00

Redshift 0.00

norm 1.40e-0719-53= 10
CXB: powerlaw Pholndex 1.46

norm 1.306-061_%%22:83
vnei KT 7.33e-017535 o

H 1.00

He 1.00

C 1.00

N 1.00

0 16735801

Mg 8.74e-0116:38e-02

Si 1,637 17501

S 7.0871 80

Ar 1.00

Continued
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A. Appendix

gain offsets

Ca
Fe

Ni
Tau
Redshift
norm
TM1
TM2
TM3
TM4
TM6

1.00
1.00
1.00

1.17e411F 148410

0.00
1.00e-06+2:55—98
6.18e-04
3.00e-03
-2.42¢-03
3.11e-03
-2.96e-03

Table A.13.: Final fit parameters for the eRASS4 fit for the southern region with 90%

confidence interval errors
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A.4. Line lists

A. Appendix

Energy [keV] o width [keV] norm [ph/(cm? s)] origin

2.325 1.70068 0.11274 4.28753e-09

2.625 4.09306 0.11661 8.11979e-09

3.0 2.26161 0.12146 4.94696e-09

3.125 3.28727 0.12307 7.40130e-09

3.325 2.11927 0.12566 4.95065e-09

3.475 3.23539 0.1276 7.96029e-09

3.775 0.39132 0.13147 1.01323e-09 instrumental
4.0 2.38449 0.13438 6.64926e-09

4.20024 1.45292 0.13697 4.41970e-09 averaged

4.425 1.19073 0.13987 3.93207e-09 instrumental
4.6 0.51603 0.14213 1.83821e-09 instrumental
5.4 1.14348 0.15247 6.18739e-09 instrumental
5.9 0.70476 0.15893 5.16857e-09 instrumental

6.375 2.2119 0.16507 2.42489¢-08 instrumental
7.05 1.79011 0.17379 2.42318e-08 instrumental
7.55 1.44935 0.18025 2.52780e-08 instrumental

Table A.14.: Line list for the northern region in eRASS1

Energy [keV] o width [keV] norm [ph/(cm? s)] origin
2.325 5.04696 0.11274 1.22034e-08
2.62528 3.79103 0.11662 7.31994e-09 averaged
2.925 2.88634 0.12049 5.95432¢e-09
3.225 3.72581 0.12437 8.31039e-09
3.45 3.05158 0.12727 7.08180e-09
3.75 2.21769 0.13115 5.46222e-09 instrumental
4.025 3.30829 0.1347 8.87259¢-09
4.375 1.69464 0.13922 5.20026e-09
4.575 0.8748 0.14181 2.93561e-09 instrumental
4.975 0.81088 0.14698 3.30341e-09
5.15 0.96602 0.14924 4.32945e-09
5.4 2.39972 0.15247 1.24034e-08 instrumental
6.1 1.0442 0.16151 8.03280e-09
6.325 2.18721 0.16442 2.10077e-08 instrumental
7.075 2.1482 0.17411 2.79419¢-08 instrumental
7.475 1.35156 0.17928 2.18653e-08 instrumental

Table A.15.: Line list for the northern region in eRASS2
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Energy [keV] o width [keV] norm [ph/(cm? s)] origin
2.075 0.14213 0.10951 1.02441e-10 instrumental
2.3 5.79061 0.11242 1.26718e-08
2.65 5.46196 0.11694 1.01466e-08
3.025 6.06273 0.12178 1.24655e-08
3.2 4.85439 0.12404 1.05149e-08
3.425 2.94449 0.12695 6.57839e-09
3.575 2.92533 0.12889 6.71365e-09 instrumental
4.025 2.64627 0.1347 6.88412e-09
4.3 1.08879 0.13826 3.13425e-09
4.825 2.29661 0.14504 8.46597e-09
5.25 0.47515 0.15053 2.18384e-09 instrumental
2.5 0.81394 0.15376 4.28112e-09
5.925 0.45087 0.15925 3.07783e-09 instrumental
6.225 2.18163 0.16313 1.78525e-08

Table A.16.: Line list for the northern region in eRASS3

Energy [keV] o width [keV] norm [ph/(cm? s)] origin
2.4 5.45145 0.11371 1.16595e-08
2.775 4.99145 0.11855 1.08985e-08
3.05026 2.62925 0.12211 5.53375e-09 averaged
3.275 4.72057 0.12501 1.05627e-08
3.725 2.5525 0.13083 6.29367e-09 instrumental
4.075 3.82465 0.13535 1.04676e-08
4.275 1.95481 0.13793 5.71535e-09
4.675 3.9273 0.1431 1.38943e-08
4.975 0.62889 0.14698 2.55259e-09
5.2 1.44282 0.14988 6.64790e-09
5.51283 2.30483 0.15393 1.30469e-08 averaged
5.975 1.34641 0.1599 9.72807e-09 instrumental
6.525 3.8741 0.167 4.05577e-08 instrumental

Table A.17.: Line list for the northern region in eRASS4
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Energy [keV] o width [keV] norm [ph/(cm? s)] origin
2.375 2.95889 0.11338 7.48028e-09
2.675 4.04114 0.11726 8.46941e-09
2.925 3.73528 0.12049 8.22076e-09
3.075 4.68303 0.12243 1.03729¢-08
3.35 3.62136 0.12598 8.40570e-09
3.775 1.42231 0.13147 3.56558e-09 instrumental
4.025 0.48037 0.1347 1.28389¢-09
4.55 2.05207 0.14149 6.79442e-09 instrumental
4.725 0.64206 0.14375 2.27759e-09
5.125 0.67751 0.14891 2.94052e-09
5.525 0.25832 0.15408 1.38619e-09
5.75 1.2403 0.15699 7.59779¢-09 instrumental
6.475 3.60978 0.16636 3.75550e-08 instrumental
7.1 2.10338 0.17443 2.65815e-08 instrumental
7.525 5.4934 0.17992 8.91505e-08 instrumental
Table A.18.: Line list for the disk region in eRASS1
Energy [keV] o width [keV] norm [ph/(cm? s)] origin
2.325 2.6302 0.11274 6.77982e-09
2.6 5.30648 0.11629 1.04445e-08
2.75 5.22012 0.11823 1.16669e-08
2.95 4.29385 0.12081 9.06762e-09
3.075 5.14112 0.12243 1.09502e-08
3.2 3.91415 0.12404 8.67223e-09
3.425 2.61331 0.12695 5.91653e-09
3.75 0.13311 0.13115 3.17501e-10 instrumental
4.0 1.90696 0.13438 4.86411e-09
4.375 1.40655 0.13922 4.11986e-09
4.575 0.81904 0.14181 2.61706e-09 instrumental
4.875 1.44466 0.14568 5.29270e-09
5.075 1.5765 0.14827 6.39210e-09
5.375 1.93546 0.15214 9.24333e-09 instrumental
6.01281 0.46819 0.16039 3.29751e-09 averaged instrumental
6.375 4.27724 0.16507 4.14675e-08 instrumental
6.7 0.3112 0.16926 3.05171e-09
7.075 0.24894 0.17411 2.97065e-09 instrumental
7.55 2.73383 0.18025 4.21609e-08 instrumental
8.15 1.04479 0.188 2.11927e-08 instrumental

Table A.19.: Line list for the disk region in eRASS2
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Energy [keV] o width [keV] norm [ph/(cm? s)] origin
2.35 5.62356 0.11306 1.73032e-08
2.625 inf 0.11661 1.99536e-08
2.775 6.40148  0.11855 1.69120e-08
3.175 7.99157 0.12372 2.09653e-08
3.5 3.10746 0.12792 8.38787e-09
3.775 4.49613 0.13147 1.27840e-08 instrumental
3.95 4.2173 0.13373 1.25024e-08
4.2 3.59619  0.13696 1.15533e-08
4.4 2.53378 0.13955 8.81765e-09 instrumental
4.75 3.28204 0.14407 1.33360e-08
5.025 1.12137 0.14762 5.17395e-09
5.225 1.97774 0.15021 1.01255e-08

Table A.20.: Line list for the disk region in eRASS3

Energy [keV] o width [keV] norm [ph/(cm? s)] origin

2.35 8.12589 0.11306 2.18242e-08

2.6 6.21998 0.11629 1.24156e-08
2.725 6.50702 0.11791 1.42357e-08

2.95 6.48667 0.12081 1.38637e-08
3.125 8.0414 0.12307 1.75848e-08
3.275 5.8014 0.12501 1.28916e-08
3.525 2.1964 0.12824 5.01306e-09 instrumental
3.975 2.32943 0.13406 5.83634¢-09

4.45 1.9746 0.14019 5.89026¢-09 instrumental
4.825 2.45179 0.14504 8.60969e-09

5.1 1.07917 0.14859 4.32126e-09

5.5 1.55101 0.15376 7.66808e-09

5.95 1.27381 0.15957 8.21390e-09 instrumental
6.525 4.87006 0.167 4.59083e-08 instrumental
7.075 2.24778 0.17411 2.60960e-08 instrumental

Table A.21.: Line list for the disk region in eRASS4
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Energy [keV] o width [keV] norm [ph/(cm? s)] origin
2.05 0.33656 0.10919 4.09097e-10 instrumental
2.35 4.25964 0.11306 1.75113e-08

2.60028 3.25323 0.1163 1.04120e-08 averaged
2.95 4.073 0.12081 1.43727e-08
3.375 0.19305 0.1263 7.27601e-10
3.75 2.18375 0.13115 9.16302e-09 instrumental
3.96288 1.39035 0.1339 6.28001e-09 averaged
4.5 2.04757 0.14084 1.14166e-08 instrumental
4.675 0.65775 0.1431 3.91128e-09
4.925 0.73908 0.14633 5.00098e-09
5.2 0.09189 0.14988 7.18489¢-10
6.05 0.17129 0.16087 2.17919¢e-09 instrumental
6.425 0.17399 0.16571 3.19204e-09 instrumental
6.75 0.41716 0.16991 7.72824e-09 instrumental
7.2 0.83758 0.17572 1.92663e-08 instrumental
7.5 1.24822 0.1796 3.49955e-08 instrumental

Table A.22.: Line list for the southern region in eRASS1

Energy [keV] o width [keV] norm [ph/(cm? s)] origin
2.375 3.23378 0.11338 1.25587e-08
2.6 3.55453 0.11629 1.14638e-08
2.825 3.16726 0.1192 1.15322¢-08
3.175 2.94087 0.12372 1.12220e-08
3.425 3.01326 0.12695 1.20525e-08
3.675 0.38653 0.13018 1.62777e-09 instrumental
4.175 2.01361 0.13664 9.85431e-09
4.4 1.90932 0.13955 1.03053e-08 instrumental
4.8 2.60202 0.14472 1.69697e-08
5.225 0.08255 0.15021 6.66280e-10
5.425 1.38112 0.15279 1.25201e-08 instrumental
5.625 1.37056 0.15538 1.38726e-08
6.0 0.59177 0.16022 7.50215e-09 instrumental
6.375 2.31844 0.16507 4.21243e-08 instrumental
7.1 0.92492 0.17443 2.10118e-08 instrumental
7.475 0.90005 0.17928 2.53432¢e-08 instrumental

Table A.23.: Line list for the southern region in eRASS2
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Energy [keV] o width [keV] norm [ph/(cm? s)] origin
2.35 4.6576 0.11306 1.77263e-08
2.65028 2.54824 0.11694 7.84437e-09 averaged
2.8 2.86764 0.11888 9.53176e-09
3.17526 2.80505 0.12372 9.72442e-09 averaged
3.375 3.20696 0.1263 1.12372e-08
3.725 3.50003 0.13083 1.34476e-08 instrumental
3.9 2.96007 0.13309 1.18382¢-08
4.2 0.60793 0.13696 2.65991e-09
4.4 2.77215 0.13955 1.34897e-08 instrumental
4.8 1.82604 0.14472 1.05912e-08
5.05 1.13125 0.14795 7.45006e-09
5.35 2.10754 0.15182 1.64856e-08 instrumental
5.625 0.11218 0.15538 1.00831e-09
6.05 0.64221 0.16087 7.43318e-09 instrumental
6.3 1.42662 0.1641 2.03580e-08 instrumental
6.525 1.98246 0.167 3.18810e-08 instrumental
7.075 0.5054 0.17411 1.01106e-08 instrumental

Table A.24.: Line list for the southern region in eRASS3

Energy [keV] o width [keV] norm [ph/(cm? s)] origin
2.05 0.38753 0.10919 4.23245e-10 instrumental
2.3 6.01347 0.11242 2.03413e-08

2.675 8.12589 0.11726 2.40681e-08
2.975 7.17595 0.12114 2.27862e-08
3.225 6.15415 0.12437 2.08977e-08
3.4379 6.46361 0.12712 2.31103e-08 averaged
3.7 4.15535 0.1305 1.55371e-08 instrumental
3.975 6.02943 0.13406 2.42613e-08
4.225 1.17173 0.13729 5.04976e-09
4.5 1.91736 0.14084 9.44448e-09 instrumental
5.1 3.13214 0.14859 2.08415e-08
5.55047 0.97875 0.15441 8.58749e-09 averaged
6.0 0.29319 0.16022 3.23004e-09 instrumental
6.55 1.25262 0.16733 1.95058e-08 instrumental
7.125 0.20161 0.17476 3.99362e-09 instrumental

Table A.25.: Line list for the southern region in eRASS4
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A.5. Line detection plots
A.5.1. With errorbars
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Figure A.10.: Plot of detected lines in the northern region for eRASS2 with errorbars
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Figure A.11.: Plot of detected lines in the northern region for eRASS3 with errorbars
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Figure A.12.: Plot of detected lines in the northern region for eRASS4 with errorbars
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Figure A.13.: Plot of detected lines in the disk region for eRASS1 with errorbars

le—8

o of detection

Gaussian norm in [photons/(cm? s)]

2 3 4 5 6 7 8 9
Gaussian line E in [keV]

Figure A.14.: Plot of detected lines in the disk region for eRASS2 with errorbars
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Figure A.15.: Plot of detected lines in the disk region for eRASS3 with errorbars
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Figure A.16.: Plot of detected lines in the disk region for eRASS4 with errorbars
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Figure A.17.: Plot of detected lines in the southern region for eRASS1 with errorbars
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Figure A.18.: Plot of detected lines in the southern region for eRASS2 with errorbars
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Figure A.19.: Plot of detected lines in the southern region for eRASS3 with errorbars
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Figure A.20.: Plot of detected lines in the southern region for eRASS4 with errorbars
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A.5.2. Logarithmic scale norms
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Figure A.21.: Plot of detected lines in the northern region for eRASS1 with norms in
logarithmic scale
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Figure A.22.: Plot of detected lines in the northern region for eRASS2 with norms in
logarithmic scale
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Figure A.23.: Plot of detected lines in the northern region for eRASS3 with norms in
logarithmic scale

10—8 .

e nin b
ool [ 1

10—11 4

w

o of detection

N

Gaussian norm in [photons/(cm? s)]

10712 £

2 3 4 5 6 7 8 9
Gaussian line E in [keV]

Figure A.24.: Plot of detected lines in the northern region for eRASS4 with norms in
logarithmic scale
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Figure A.25.: Plot of detected lines in the disk region for eRASS1 with norms in logarithmic

scale
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Figure A.26.: Plot of detected lines in the disk region for eRASS2 with norms in logarithmic
scale
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Figure A.27.: Plot of detected lines in the disk region for eRASS3 with norms in logarithmic

scale
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Figure A.28.: Plot of detected lines in the disk region for eRASS4 with norms in logarithmic
scale
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Figure A.29.: Plot of detected lines in the southern region for eRASS1 with norms in
logarithmic scale
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Figure A.30.: Plot of detected lines in the southern region for eRASS2 with norms in
logarithmic scale
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Figure A.31.: Plot of detected lines in the southern region for eRASS3 with norms in
logarithmic scale
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Figure A.32.: Plot of detected lines in the southern region for eRASS4 with norms in
logarithmic scale
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A.5.3. Overlap plots
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Figure A.33.: Plot showcasing the location and overlap of all detected lines
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Figure A.34.: Plot showcasing the location and overlap of all detected lines in the northern
region
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Figure A.35.: Plot showcasing the location and overlap of all detected lines in the disk
region
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Figure A.36.: Plot showcasing the location and overlap of all detected lines in the southern
region

135



A. Appendix

2 3 4 5 6 7 8 9
Gaussian line E in [keV]

Figure A.37.: Plot showcasing the location and overlap of all detected lines in eRASS1 data
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Figure A.38.: Plot showcasing the location and overlap of all detected lines in eRASS2 data
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Figure A.39.: Plot showcasing the location and overlap of all detected lines in eRASS3 data
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Figure A.40.: Plot showcasing the location and overlap of all detected lines in eRASS4 data
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A.6. Charge exchange plots
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Figure A.41.: Plot showing the location of detected line features (blue) against line emission
in the acx2 model (red) for the northern region in eRASS2
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Figure A.42.: Plot showing the location of detected line features (blue) against line emission
in the acx2 model (red) for the northern region in eRASS3
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Figure A.43.: Plot showing the location of detected line features (blue) against line emission
in the acx2 model (red) for the northern region in eRASS4
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—— acx2 model
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Figure A.44.: Plot showing the location of detected line features (blue) against line emission
in the acx2 model (red) for the disk region in eRASS1
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Figure A.45.: Plot showing the location of detected line features (blue) against line emission
in the acx2 model (red) for the disk region in eRASS2
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Figure A.46.: Plot showing the location of detected line features (blue) against line emission
in the acx2 model (red) for the disk region in eRASS3
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Figure A.47.: Plot showing the location of detected line features (blue) against line emission
in the acx2 model (red) for the disk region in eRASS4
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—— acx2 model
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Figure A.48.: Plot showing the location of detected line features (blue) against line emission
in the acx2 model (red) for the southern region in eRASS1
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Figure A.49.: Plot showing the location of detected line features (blue) against line emission
in the acx2 model (red) for the southern region in eRASS2
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—— acx2 model
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Figure A.50.: Plot showing the location of detected line features (blue) against line emission
in the acx2 model (red) for the southern region in eRASS3
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Figure A.51.: Plot showing the location of detected line features (blue) against line emission
in the acx2 model (red) for the southern region in eRASS4
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